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SUMMARY

Values of three mean velocity components and six turbulence stresses measured in
a juncture flow are presented and discussed.

The juncture flow is generated by a cc_mstaht thickness body, having an elliptical
leading edge, which is mounted perpendicular to a large flat plate along which a
turbulent boundary layer is growing. The measurements were carried out at two
streamwise stations in the juncture and were made using two single-sensor hot-wire
probes.

The secondary flow in the juncture results in a considerable distortion in the mean
velocity profiles. The secondary flow also transports turbulence in the juncture flow
and has a large effect on the turbulence stresses.

From visual inspection of the results, there is considerable evidence of similarity
between the turbulent shear stresses and the mean-flow strain rates. There is some
evidence of similarity between the variations in the turbulent stress components. These
points should be investigated further.

INTRODUCTION

Turbulent viscous flow in a streamwise juncture or corner is characterized by the
existence of mean velocity components in a plane perpendicular to the main flow
direction which are called secondary flows.

One type of secondary flow (called the "second kind") is observed in the corners of
straight non-circular ducts and in the corners formed by two semi-infinite flat plates
with coincident leading edges. This type of secondary flow is generated by Reynolds
stress gradients in planes normal to the main flow direction and is a purely viscous
interference problem with no leading edge effects present. Several investigators (e.g.
refs. 1, 2, 3, 4, 5) have studied such secondary flows both experimentally and
analytically.

Another type of secondary flow (called the "first kind") comes about when a shear
layer is skewed about an axis parallel to the plane of the mean shear, resulting in the
generation of mean streamwise vorticity. Such secondary flows are observed in the

corners of curved ducts and in corners formed by bodies protruding from a wall.



The juncture flow considered here is the flow in a corner formed by a body of
constant thickness mounted at right angles to a flat plate. A turbulent boundary layer
is developing along the flat plate, so that the latter type of secondary flow ("first kind")
is present. Thus, the vortex lines within the oncoming boundary layer, which are
initially straight and aligned perpendicular to the main flow and parallel to the flat
plate, are skewed and stretched due to the three-dimensional curvature of the
streamlines as the flow goes around the body (fig. 1). This results in streamwise
vorticity being produced in the juncture.

In addition to the skewing of the boundary layer, the blockage effect when a body
protrudes from a surface introduces another factor into the juncture flow. The
oncoming boundary layer on the surface of the flat plate experiences steep adverse
pressure gradients as it nears the leading edge of the body. As a result, the boundary
layer separates ahead of the leading edge, and a vortex sheet rolls up and trails
downstream in the juncture (fig. 1). This vortex is actually the dominant feature of a
juncture flow of this type.

The coupled effects of the skewing of the oncoming two-dimensional shear flow
and the separation of the boundary layer, with subsequent vortex roll-up, lead to a
complex secondary flow. The resulting shear flow in the juncture is a three-dimensional
turbulent flow containing significant velocity components normal to the main flow
direction. Such secondary flows give rise to significant problems in aircraft design and
wind tunnel testing.

Secondary flows caused by coupled viscous and blockage interference occur in the
junctures of wing-fuselages, wing-pylons, and wing-winglets. An understanding of such
secondary flows is important in optimizing aircraft performance as well as in assessing
the role which the juncture plays as regards the wake flow on the surfaces downstream
of the wing or pylon trailing edge. In the two-dimensional wind tunnel testing of
airfoils, the ends of the airfoil are immersed in sidewall or end-plate boundary layers.
The resulting secondary flow in the junctures can have a significant effect, particularly
on airfoil drag measurements (e.g. ref. 6).

Juncture flows involving both boundary layer skewing and separation have been
studied previously (e.g. refs. 7, 8, 9, 10), but turbulence measurements have been

lacking and the available analyses do not treat the details of the turbulent secondary



flow. Recently, Shabaka and Bradshaw (refs. 11, 12) have published an extensive
collection of mean flow and turbulence data taken in an idealized wing-body juncture.
The present work differs from that reported by Shabaka (refs. 11, 12) in the following
ways. The elliptical leading edge used in Shabaka's tests was very slender (6:1 ellipse)
while that studied here was relatively blunt (1.5:1 ellipse). Also, the present tests were
performed in a large-scale open jet to eliminate wind tunnel wall effects. In contrast,
Shabaka used the test section of a small wind tunnel, and the wall boundary layers,
which filled about 80% of the flow area at the exit of the working section, induced
favorable pressure gradients. Furthermore, Shabaka used both a single wire and a cross-
wire probe with the probe support located in the shear flow. The measurements
reported herein were made using only single sensors supported on needles which
projected into the boundary layer from the flat-plate surface. Thus, there was no
possibility of probe support interference nor of mutual interference between two
crossed wires. Finally, Shabaka obtained instantaneous voltages which were used to
calculate instantaneous velocities that were then averaged to yield mean velocities and
velocity correlations. In the present tests, mean voltages were obtained and then used
to evalutate the mean velocities and velocity correlations (turbulence stresses).

The juncture flow investigated here was generated by a constant-thickness body
("wing"), having an elliptical leading edge, which was mounted perpendicular to a large
flat plate ("fuselage") along which a turbulent boundary layer was developing (fig. 2).
Three mean velocity components and six turbulence stresses have been measured in this
juncture flow at two streamwise stations using hot-wire anemometer techniques., The
primary objective of this experimental study was to secure detailed mean flow and
turbulence data to aid in the development of numerical analyses for juncture flows by
methods similar to those reported in reference 4. The data should be useful for

formulating and also for evaluating numerical analyses of the juncture flow problem.

SYMBOLS
a Coefficients of polynomial approximation (eq. 32)
A-F Constants used in data reduction, defined in equations 10-15
e, AC component of E



Nonlinear output voltage of constant-temperature anemometer

E
E % Linearized output voltage of hot-wire anemometer
E o Output voltage of hot-wire anemometer at zero velocity

h Binormal velocity coefficient (eq. 2)

k Tangential véldcity coefficient (eq. 2)

R'ij Cosine of angle between x'i and xj coordinate axes |

Re s Reynolds number based on boundary layer thickness

S,Y,N Hot-wire coordinate system (figs. 7 and 12)

S Constant of proportionality (eq. 4)

Tij,T'U Second order tensor components (velocity correlations) used in coordinate
transformations (egs. 37 and 38)

u Instantaneous fluctuating velocity -—

u Root-mean-square fluctuating velocity, i.e., u' =\/_u-2

U Local mean or time-averaged velocity

UpN Binormal velocity component, normal both to Uy and Ur (eq. 2)

Uess Effective cooling velocity (eq. 1)

UN Velocity component normal to hot wire in plane of wire-support needles
(eq. 2)

Ur Velocity component tangent to the hot wire (eq. 2)

Vi,V'i Velocity components used in coordinate transformations (eqs. 34 and
35)

Vo Undisturbed freestream velocity

X,Ys2Z Laboratory coordinate system (fig. 7)

xi,x'i Cartesian coordinate axes used in coordinate transformations

a, © ,)\,LP Angles expressing hot-wire orientation (fig. 7)

Subscripts:

i,j,Pyq Indices for coordinate, velocity, and tensor components (1, 2, 3)

n Component in n direction

s Component in s direction

X Component in x direction

y Component in y direction

z Component in z direction

a, Indicates that quantity is evaluated with wire angles @ and V¥ (egs.
24-31)

Superscript:

Time average or mean



EQUIPMENT

The wind tunnel model, and much of the equipment and instrumentation used in
this experiment, was identical to that employed by Oguz (ref. 10). The reader is

referred to reference 10 for discussions of the model and actuator details.

Wind Tunnel
All tests were carried out in the Georgia Tech Low Speed Wind Tunnel. This wind
tunnel is of the open return type with a test section 1.07 x 1.09 x 6.10 m (42 x 43 x 240
in.). The freestream turbulence intensity u /Voo near the exit of the test section was

measured during the course of the experiments to be 0.5%.

Body and Flat Plate

The body, which was mounted perpendicular to the flat plate and aligned with the
wind tunne! axis within + 0.5° (figs. 2 and 3), had a constant thickness of 57.9 mm (2.28
in.), a height of 609.6 mm (24 in.), and a length of 1.22 m (48 in.). The leading edge of
the body was a 1.5:1 ellipse with a strip of distributed roughness 6.35 mm (0.25 in.) wide
beginning 25.4 mm (1.0 in.) downstream of the leading edge. The roughness was
achieved by using glass beads having an average diameter of 0.25 mm (0.01{ in.).

In order to have easy access to the measuring probes and actuators, and especially
to allow movement of the probes over a considerable distance in the streamwise and
transverse directions, the flat plate and body were mounted in the free jet at the exit of
the open return wind tunnel (figs. 2 and 3). Previous measurements (ref. 13) had
determined the boundaries of the free jet and had established that the quality of the jet
flow was acceptable. The flat plate was mounted on support legs and positioned 216
mm (8.5 in.) above the wind tunnel floor at the tunnel exit. An extension of the plate,
which served as a boundary layer development section, protruded 572 mm (22.5 in.)
upstream into the wind tunnel and was fitted with a trip wire 0.965 mm (0.038 in.) in
diameter located 101.6 mm (4.0 in.) downstream of the leading edge. A preliminary
evaluation (ref. 10) showed that there was no separation at the leading edge of the flat
plate extension.



The flat plate was designed with interchangeable segments (fig. 2) so that the
particular segment containing the probe and actuator (fig. 4) could be located at
selected streamwise stations. Whenever the segments of the plate were re-arranged,
the flow surface was checked with a dial gage and shimmed so that the step at any joint
was at most + 0.127 mm (0.005 in.). This may be compared to the nominal boundary
layer thickness in the measurement region of 25.4 mm (1.0 in.). All joints were sealed
with modeling clay.

Hot Wires

The juncture flow region of interest comprised a rectangle approximately 25.4 mm
(1.0 in.) high normal to the flat plate and 76.2 mm (3.0 in.) wide as measured from the
body surface. Various methods for supporting the hot-wire needles were considered. It
was felt that a probe with its axis perpendicular to either the flat plate or to the body
surface would lead to possible interference problems. A probe in the juncture with its
axis aligned in the nominal streamwise direction would introduce an unknown probe
interference and might also affect the roll-up of the vortex in the juncture.
Accordingly, in order to minimize probe interference effects, the hot wires were
supported on needles projecting through the surface of the flat plate. This arrangement
had the added advantage of placing the probe actuator below the plate and hence out of
the flow field.

The hot wire with the wire parallel to the flat plate (i.e., with support needles of
equal length) is shown in figure 5(a) and is termed the "horizontal wire." The needles
were 3,18 mm (0.125 in.) apart and were made of gold-plated stainless steel 0.58 mm
(0.023 in.) in diameter. The access holes through which the needles pass were 1.32 mm
(0.052 in.) in diameter. The probe was designed so that the needles could extend
through the access holes to a maximum height of approximately 35.6 mm (1.40 in.). The
surface plug containing the access holes rotated with the probe. The hot-wire was
0.0038 mm (0.00015 in.) in diameter and was made from platinum-coated tungsten with
an etched sensor portion in the center which was 1.27 mm (0.050 in.) long. The needles
were ground down to about 0.25 mm (0.01 in.) in diameter over a length of about 1.27
mm (0.05 in.) at the tips before the wire was soldered in place. There is a small
velocity increment (less than 3% of the oncoming velocity) at the sensor portion of the
wire as the flow accelerates due to the blockage of the two cylindrical needles. This
interference effect was accounted for by carrying out both the hot-wire calibration and



the hot-wire measurements with the same orientation of the needles relative to the
oncoming flow. The calibration was accomplished by extending the needles upward until
the wire was at the outer edge of the boundary layer and then performing the
calibration in this flow of known (measured) velocity. Measurements using the
horizontal wire were performed from the edge of the viscous layer down to 0.51 mm
(0.020 in.) above the surface of the flat plate.

Since the data analysis method used here required the use of a second wire
orientation at an angle to the flat plate, it was necessary to use a second hot-wire probe
with needles of unequal length (fig. 5(b)), termed the "slant wire," This wire was the
same type and diameter as the horizontal wire and was 4.50 mm (0.177 in.) long. The
sensor portion was concentric with the axis of rotation of the probe within + 0.152 mm
(+ 0.006 in.). In order that the wire not be in the wake of the longer needle in certain
wire orientations, the longer needle was offset by a distance of 5.10 mm (0.20 in.) as
shown in figure 5 (b). The wire orientation angle, o, was intended to be 45° but was
measured with an optical comparator to be 47.3° + 0.05°. The sensor portion of the
slant wire could be set at a maximum height of y = 27.9 mm (1.10 in.) above the plate
surface and at a minimum height of y = 2.29 mm (0.090 in.).

Both probes were checked for vibration at various values of wire height, angular
orientation, and velocity by outputting the anemometer signal through a Fourier
Analyzer and examining the resulting energy spectra. It was concluded that probe
vibration was negligible over the range of velocities and probe orientations required.
Further, the spectra from the slant wire gave no indication of any downstream wake
effect at the wire due to the longer upstream needle.

Actuators

The segment of the flat plate which contained the hot-wire probe consisted of a
slide and slide bed (fig. 4). The probe was held in an actuator which hung below the
slide and moved with the slide.

The streamwise (x) location of the survey station was changed by manually
interchanging suitable segments of the plate. The linear movement of the hot wire in
directions perpendicular to the plate (y) and normal to the body surface (z) was
accomplished by using stepper motors which turned lead screws (figs.6 and 3 (b)). The



stepper motors were under computer control, and both linear motions were monitored
visually on read-out counters. Absolute position in both y and z was checked
periodically. Considering all sources of error, it is estimated that the y location of
either hot wire during a survey was accurate to within + 0.051 mm (+ 0.002 in.), while
the z location-was accurate to within + 0.10 mm (s 0.004 in.).

In addition to linear motion, the hot wire probes also had to be rotated about their
axes in order to acquire the necessary data. This rotary motion was obtained by
directly coupling the probes to a third stepper motor having a step increment of + 0.90°.
Rotary motion was monitored with a counter and checked for absolute accuracy at the
end of each run by means of a fixed rotary limit switch. Preliminary tests confirmed
that the stepping error in the motor was non-cumulative and considerably less than +
0.50°. Since the determination of the angle of yaw, 9, between the x-axis and the s-
axis (fig. 7) involved both a measurement to establish the main flow direction (i.e., the x
axis) and one to find the local flow angle (i.e., the s axis), the final uncertainty in @ is

estimated to be + 1.0°.

Sensor Locaters

Measurements with both the horizontal and slant wires were required at a common
point in space in order to determine all of the required mean flow and turbulence
quantities at that point. In addition, the local flow direction angle,0, found with the
horizontal wire formed the basis for the orientation of the measurement coordinates
system for the slant wire, Because the two wires were used sequentially, it was
important that the location of the sensor portions of each wire be referenced to a
precisely known datum in y, z, and 9. This was done by fabricating a sighting tube
approximately 259 mm (10.2 in.) long and 38 mm (1.50 in.) in diameter. One end of the
tube was fitted with 7-power magnifying optics, such as found in a machinist's pocket
optical comparator, while the other end was covered with a disc containing a small sight
hole. This sighting tube was mounted horizontally in a machined aluminum block
containing two dowel pins that mated with two holes precisely located in the slide bed.
By looking through the sight-hole and along the tube axis, a horizontal reticle line on
the optics could be observed. The precise height of this reticle above the slide bed was
established by using a height gage. The sensor portion of the wire could be viewed

through the sighting tube with the aid of the magnifier, and the wire was moved



vertically in increments of 0.0254 mm (0.001 in.), using the actuator, until the sensor
and the reticle line were coincident. Hence, a known sensor location in y was
established. The vertical motion counter then was set to zero, and the probe was run
down to a vertical-travel limit switch in order to establish the limit switch location for
future use. This same technique, utilizing a second sighting tube mounted vertically,
was employed to establish the location of the sensor portions of the two wires in the z
direction and in rotation. By using these two sighting tubes, it is estimated that the
sensor portions of the two hot wires could be located at a given common point to within
% 0.0254 mm (+ 0.001 in.) in y and z, and to within less than + 0.5% in angle.
INSTRUMENTATION

Freestream Velocity. - The velocity of the wind tunnel flow was monitored by a

visual read-out of dynamic pressure. This pressure was measured with a pitot-static
probe mounted just outside the boundary layer at the streamwise measurement station
of interest (fig. 3(b)). The probe was connected to a Barocel electronic manometer and
read with a digital voltmeter. The tunnel flow velocity was maintained constant within
+ 0.5% during the runs, and was in error by less than + 0.5%.

The same pitot static probe and read-out were used for the velocity calibrations
of the hot wires. In this case, the wires were located adjacent to the pressure probe at
the edge of the boundary layer and at z = 152 mm (6.0 in.), where the flow is effectively
two-dimensional.

Hot-Wire Anemometer. - The hot-wire probes were connected to a TSI Model 1050

anemometer, and the output of the anemometer was then processed through a TSI Model
1052 Polynomijal Linearizer.

Local Mean Velocity. - The linearized output of the hot-wire anemometer was fed

to an HP 2401C integrating digital voltmeter, and the integrating time on the voltmeter
front panel was set to 1.0 s. Consecutive calls to the voltmeter were made and the
output was arithmetically averaged to yield the mean D. C. voltage over some
specified averaging time.

Turbulence Measurements. - The A.C. component of the hot-wire signal was
measured using an HP Model 3400A true RMS meter and read with the HP 2401C digital
voltmeter. Consecutive readings integrated over 1.0 s were arithmetically averaged to
yield the required RMS data.




Data Handling. - All data were acquired under computer control using an HP
2115A computer at the wind tunnel site. Both the DC and RMS hot-wire signals from

the digital voltmeter were output on paper tape. This paper tape then was read onto
magnetic tape, and the data processed on an HP 21MXE computer to be output on a line

printer or graphics printer as required.

TEST CONDITIONS AND METHOD

All of the tests were carried out at a nominal freestream velocity of 15.24 m/s (50
ft./s) corresponding to a Reynolds number of 984,000/m (300,000/ft.). The leading edge
of the body was located 254 mm (10.0 in.) downstream of the wind tunnel exit plane
where the turbulent boundary layer on the flat plate in the absence of the body was
approximately 22.9 mm (0.9 in.) thick, corresponding to a ratio of body thickness to
boundary layer thickness of 2.53.

The first measurement station in the juncture was located 165 mm (6.5 in.)
downstream of the leading edge of the body. At this value of x, surveys through the
viscous layer in the y direction were made from z = 10.2 mm (0.40 in.) to z = 152.4 mm
(6.0 in.) as detailed in Table 1. _

The second measurement station was located 902 mm (35.5 in.) downstream of the
leading edge. Here, surveys in the y-direction were carried out from z = 15.2 mm (0.60
in.) to z = 152.4 mm (6.0 in.) as shown in Table 2.

Two coordinate systems were employed in these experiments (fig. 7). The x-y-z
Cartesian coordinates, with x in the freestream direction, y perpendicular to the flat
plate, and z normal to the body surface, are defined such that x = 0 at the body leading
edge, y = 0 at the plate surface, and z = 0 at the body surface. As will be explained in
the next section, the local flow direction, @, was determined first at each value of y and
z for a particular value of x by utilizing the horizontal hot-wire and the proper data
acquisition program. With the value of 9 known at each y for any z station, a local s-y-
n coordinate system was defined which rotated about the vertical y axis as the value of
y changed (fig. 8). For each data point, the horizontal hot wire was oriented
appropriately with respect to the local s-axis and the DC and RMS time-average
voltages were recorded. When all of the required measurements had been completed,
the probe containing the horizontal wire was removed and it was replaced with the
slant-wire probe. At each y at all z stations, the slant wire was oriented either in the s-
y plane previously established or at some specified angle,y , with respect to the s-y

10
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plane. The DC and RMS time-average voltages were recorded as before. The choice of
averaging time is discussed in Appendix A.

Throughout the tests, the hot-wire anemometer output was monitored on an
oscilloscope. Close attention was paid to drift in the electronic instruments and in the
temperature of the wind tunnel air (Appendix B). No measurements were made until the
wind tunnel had been running for at least one hour. The hot-wire calibration and the

polynomial coefficients for the linearizer were updated periodically as required.

DATA ACQUISITION AND ANALYSIS
Preliminary Considerations

The hot wire is shown schematically in figure 7 with an arbitrary orientation in
both the laboratory (x,y,z) and hot-wire (s,y,n) Cartesian coordinate systems. In both
coordinate systems y is measured normal to the flat plate whereas x, z, s, and n are in
the plane of the plate. The hot-wire coordinates were used for data acquisition. The
data results then were transformed into the laboratory coordinates for all data
presentations.

The orientation of the hot wire in the wire coordinate system is specified by the
two angles o and { . The angleqa is the angle between the axis of wire rotation and a
normal to the wire defined to be in the plane containing the hot wire and the axis of
wire rotation. The angle { is the angle between the s axis and the projection of the hot
wire on the s-n plane (i.e., the plane of the flat plate).

The nonlinearized voltage output of the constant-temperature anemometer is

related to g,y , and the three instantaneous velocity components. That is,

E = E(Us+us,Uy+uy,un,a,tp)

In order to linearize this relationship between the voltage output and the instantaneous

flow velocity, it is necessary to introduce an effective cooling velocity, Uefi’ such that

E = E (Ueﬁ) (1)

11



where

Ueﬁ=f(Us+us,U +u,u,a,P)

y y, n’

This functional relationship for Ueff must be determined by calibration. For the
present investigation, the relationship first suggested and studied by Jorgensen (ref. 14)
was used., This expression is
_ 2 2,2 2.2 1/2

Ueff = (UN + k UT +h UBN) (2)
where UN is the velocity component normal to the wire in the plane of the wire-support
needles, UT is the velocity component tangent to the wire, and UBN is the binormal
velocity component which is normal to both UN and UT' The coefficients k and h are

determined by calibration. In terms of the angles and coordinate system of figure 7

equation (2) becomes

Ueff = {[(Us + us> cos Y + u simlEl sina - (Uy + uy) cos a} 2
+ k2 %[(US + us) cos P + u, sin lIJ:I cosa + (Uy + uy) sin a} 2
> _ 2 1/2
+h“¢ - (US + us> siny +u_cos (3)

The relation between Ueff and E, as expressed by equation (1), was determined by
experiment for both wires used in this study. These data were then used along with the
linearizer circuit of the constant-temperature anemometer to generate, for each wire,

a linearized output voltage E % which is directly proportional to U off* Thus

Ez = SU ¢ (4)

where S is a constant of proportionality depending upon the particular hot wire. ESZ, is
decomposed into a mean or DC component, ER, , and a fluctuating or AC component,

&, » Where e g = 0, so that equation (4) becomes

g - 5
E, +e, = SU_y (5)

12



In this equation, Eg and the root-mean-square of e 9 (i.e., v ezz ) are the measureable
quantities which were evaluated in this investigation. Taking the mean of equation (5)
gives

_ (6)

- Ueﬁ

w Izjﬂl

Squaring equation (5) and then taking the mean and using equation (6) gives

2
e —_ 2

L 3 _
= = Uetr = Yest )

wn

Equations (3), (6), and (7) yield two equations relating E zand ei

various velocity components and turbulence quantities for fixed values of 4 and v

to mean values of the

This, of course, requires that Ueff be expanded in a truncated Taylor's series, as
discussed later. '

In this investigation the mean velocity components Us and Uy and the six

turbulence quantities u's, u'y, u'n, u U and uyun were evaluated. This was

u,, u
sy s

accomplished using the horizontal wire ( o= 0) at the three orientations ¥ = 90° and
Y =+ 45° and using the slant wire ( o = 47.3%) at the four orientations =0, = 1800,
and ¥ = + 25°. The equations used to evaluate the unknowns are developed in the

following section.

Development of Equations

To relate ER, and e2  to the eight unknowns, using equations (6) and (7), it is
necessary to evaluate Ugﬁ, Ueff’ and Ugﬁ from equation (3). The first of these simply
requires squaring and averaging, yielding terms in Us» Uy’ and averages in products of
the fluctuating velocity components. The latter two require that equation (3) be
expanded in a truncated Taylor's series. For the hot-wire axes of figure 7, U s is the
only zeroth order velocity component while Uy’ Ug, uy, and u, are first order terms.
Therefore, for this analysis equation (3) was expanded in a series and then averaged over
time to obtain gff' Both Ueﬁ and Uzﬁ were truncated by neglecting third and higher
order terms. After squaring and collecting terms under the square root radical,

equation (3) may be rewritten in the form

13



Ugg = UVA (14 e)l/2 @)

ef

where ¢ involves first and second order terms and is given by

£ = 2us + us2 +B (Uf, + ZUyuy + uf,) + Cuﬁ +D (Uy + uy + usz + usuy)
9)
+E (Uyun + uyun) +F (un +u suy)
where
A = cos2 ¥ sin o + k2 cosz ] cos2 a 4 hzsin2 LY (10)
B = (cos2 o o+ k2 sin2 a)/A (11
C = (sin2 lleinz o 4+ k2 sin2 ] cos2 o 4 h2 cos2 V)/A (12)
D = 2cosV¥ sin & cos & (kz-l)/A (13)
E = 2sin¥ sin Qcos & (kz-l)/A (14)
F = 2cos ¥ sin ¥ (sin? @ + k2 cos? @ -2h2)/A (15)

Expanding equation (8) in a Taylor's series and dropping terms of ¢ 3 and higher order

yields
U. =UVA(L+de -1 (16)
eff = Ys 2€-8¢)
T _u~A(1.lzo1 .2 (17)
Uggs = UgVA(L+35 e-5 &%),
72 _ oy 2 -, 1-=2_1_2 (18)
Ueff‘UsA(l+ €+ € #e),

and
N R - (19)
UZg = UPAUL+E )

14



Introducing equations (17-19) into equations (6) and (7) gives

£ —
2 1 -_1¢g2 (20)
5= UVAU+3 e-g %)

and
2 2
e U~“A - 2
L__ _S 2_ - (21)
2™ E (e g)

Finally, using equation (9) to evaluate ¢, 'Ez, and gz and dropping third and higher

order terms, equations (20) and (21) become, after rearranging,

E 2 U u
2_uvA 1+ , xy,Dy
S S 2 8 2 2 2 U
U U s
) s
2u2 u u
C F n E DF n (22)
(3-3) 5+ (5-9H L2
2 8 2 2 4 2
U U
s s
and
2 2 2 2
e u 2 u 2 u uu
Uouia . Dyt oty
S U U U U
s s 3 S
u_u uu
LDF yn p’sn (23)
2U2 U2
s S

Equations (22) and (23) are the general form of the hot-wire response equations
used for evaluating the eight unknown velocity terms. ER, and e o are the measured
quantities and S is the known calibration constant discussed later. These response
equations are specialized for each of the two wires at various values of § to evaluate
the unknown velocity terms. The procedures and specific equations used to evaluate

each velocity term are as follows:

15
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2
(1) Evaluation of Y . Applying equation (23) to the horizontal ( o = 0) wire with ¥ =
90° yields

2
(e7) —

20,90_ 2 2 (24)
52 ]

The first subscript on e%’ expresses the value of @ (i.e., @ = 0) and the second expresses

the value of ¥ (i.e., ¥ = 90°). Equation (24) has been used to evaluate usz.

2
(2) Evaluation of uy and l"suy. Applying equation (23) to the slant wire ( ¢= 47.30)
both with ¥ = 0 and 180° yields

2 2

(e'y) (eq) — 2y . 2 2
;7'310 + 247’3 180 _ 2( sin? o 4 k2 cosza) us2 + (é_k )51; &.cos ; u 2

S S (sin® a+ k cos%z ) y

(25)

and

. 2 . 2
 Du7.3,0 ) (€ Du7.3,180

= 4 (1K) (sina cosa) U (26)
52 S

2 Sy

where @ _=_47.3°. Equation (25), along with us2 from equation (24), was used to
evaluate uyz. Equation (26) was used to evaluate uguy.

(3) Evaluation of Uy. Applying equation (22) to the slant wire both with ¥ = 0 and 180°

yields

Eyr3,80 Euzao

—= - = 2

(l-kz) sinacos a U (27)
S S

2 o+ k2 cos2 oz)ll2 y

(sin

where o = 47.3° Equation (27) was used to evaluate Uy’

16




u

2
(4) Evaluation of Yn and YsYn. Applying equation (23) to the horizontal wire both with
P = 45% and -#5° yields

—_ 2
2 e ) _ L
€0 45 90,85 .2 2173 [n2k®\%2 T3Z (28)
—'—-i' +-—2- =(k +h) Us + 3 .2 Un
S S \ h"+k
and
—2 —2
() (e,
S S

Equation (28) along with us2 from equation (24) was used to evaluate unz. Equation (29)
was used to evaluate u U

(5) Evaluation of U, Applying equation (22) to the horizontal wire with ¥ = 90° yields

E ,) — 2 —
£0,90 h 2 1 2 2 Kk 2
20,90 _ h A X
S =T, U + 5 (Uy +uy ) + 2 u (30)

Equation (30) along with uyz, Uy’ and un2 from equations (25), (27), and (28),
respectively, was used to evaluate U s

(6) Evaluation of uyun. The cross-correlation uyun, which is generally small, proved to
be the most difficult term to evaluate and, therefore, required special care. Applying
equation (23) to the slant wire with angles ¥ and - V¥ yields

(322)47 3,9 © 2)47 3,0 2 2 2 2
Lt 27 =4 cosV sin ¥ |sin“ a + k“ cos“ ¢-2h
2 2
S S
x 5o - (l—kz) cos U sin @ cos & TRT (31)
s n 2 2 52 2.2 yn
(1+4k°) cos® ¥sin“ a+ h“sin“ ¥
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where & = 47.3° but Y can be treated as a variable, selected for best accuracy for
evaluating ﬁy—u; . The sensitivity of the measurements to 'u_;,?n' is a maximum when the
magnitude of the coefficient of U;u_n' maximizes. Also, errors dui_fg any inaccura_ciis
in’ﬁgq are reduced by increasing the ratio of the coefficient of uyun to that of \zjsu n°
The variations of these coefficients with V are presented in figure 9 (here, h and k* are
taken as 1 and 0.055 as discussed later). The magnitude of the coefficient of U;LE
maximizes at about ¥ = 30° (or ¥ = 150°) while that of US_G; maximizes at ¥ = 45°
(or ¥ = 135°). However, the ratio of these is a maximum at Y= 0 which corresponds to
the limiting case in which both coefficients approach zero. As a reasonable
compromise, V¥ = 25° was selected for these tests rather than ¥ = 30° since the
coefficient of Eﬁ is within 3% of the maximum value while the ratio of the
coefficients is increased by 10%. Therefore, i;ﬁ; was evaluated using equation (31)
with @ = 47.3%and ¥ = 25°, with_J;u_n as determined from equation (29).

Procedures and Calibrations

The orientation of the hot-wire coordinates was determined experimentally at
each point in the flow field by rotating the horizontal wire ( @ = 0) around its axis of
rotation. A typical variation in the nonlinearized mean voltage output with angle of
rotation, A,(see fig. 7) is shown in figure 10. This bell-shaped curve is symmetrical
around A = O, in which case the wire is normal to the local mean velocity vector and,
thus, normal to the s axis. Also, for A = © the mean voltage output is a maximum.
This symmetry was used to evaluate © as follows. An estimate of © was first obtained
from data at neighboring points in the flow field or by noting the A for which the
voltage output was apparently a maximum. Voltage outputs then were measured at 10
values of A arranged symmetrically around this estimated ©., Five of these values
were in 1.8° increments centered around a value of A which was 50° higher than that of
the apparent maximum and five were in 1.8° increments centered around a value of A
which was 50° lower than that of the apparent maximum. Each of these sets of five
data points were least-squares-fitted to a second degree polynomial. These polynomials
then were used to evaluate the two A's {near 3:500) which yield the same voltage, the
average of which gives the angle of symmetry, A = 6,
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The variation in the nonlinearized output voltage E with the effective velocity
U eff? 35 expressed in functional form by equation (1), was determined experimentally
using a pitot-static pressure probe to evaluate Uefi‘ These tests were conducted in the
freestream (i.e., U off = Vo ) where the effect of turbulence is negligible. The hot wire
was oriented normal to the freestream flow, the flow direction having been determined
as explained above. Typical calibration results are shown in figure 11(a) for the
horizontal wire. The linear relation between velocity and voltage, as given by equation
(4), was obtained by fitting the nonlinear calibration data (e.g., the calibration data of
fig. 11(a)) to the fourth-degree polynomial

i 2 3 4 (32)
Ueff = 3, (E-E.o) +a, (E-Eo) +a, (E.—Eo) +ay, (E—Eo)

where E o is the output voltage with Ueff = 0. The coeifiicients s 3y 3z, and a, were
determined by a least-squares fit to the calibration data. The operations on the right-
hand side of equation (32), for given values of the coefficients and E o Were performed
by the hot-wire linearizer. This electrical analog circuitry, with an input voltage E,
outputs a voltage given by

2 3 I
E = a (E-Eo) +a, (E-Eo) +ay (E-Eo) + a3y (E-Eo)

g /S

so that

E Q= SU ¢4 (1)
The polynomial coefficents and E o are adjustable in the circuitry in order to
accommodate different calibration curves. The constant S is arbitrary and is usually
selected so as to yield a convenient numerical relationship between E!Z, and U off*
For these tests S was selected so as to obtain 10V output at 15.24 m/s (50 ft/s). Figure
11 (b) shows the linearized form of the calibration data of figure 11 (a). Typically, the
velocities are within +0.5% of the straight line approximation for the range of velocities
covered herein. Calibrations like that of figure 11 were made periodically to assure
that accuracy was maintained.
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The binormal velocity coefficient h in equation (2) may differ from 1.0 because of
wire asymmetries and the effects of the needles and needle support. Jorgensen (ref. 14)
and Rodi (ref. 15) have determined that h =1.04 for a wire similar to that of the
present investigation but with the wire supported by short needles and with the needle
support probe located in the stream. The needle support was outside the flow field in
the present investigation and, therefore, could have no effect. Furthermore, several
tests in the freestream were carried out with each wire where the flow was normal to
the wire but at two angular orientations 180° apart (i.e., using opposite sides of the
wire). Any differences were within data scatter. On the basis of these tests, it was
concluded that the effect of wire asymmetries was negligible., The effect of the
needles could not be evaluated since tests at two orientations 90° apart were impossible
without constructing a new calibration facility. Because there can be no needle support
effects and the wires are apparently symmetrical, the value of h must be more nearly
unity than that obtained by Jorgensen and Rodi. Therefore, for these investigations it
has been assumed that h = 1.0.

The tangential velocity coefficients k for the horizontal and slant wire were
determined by testing the wires in the uniform freestream at several yaw angles A .
The magnitude of k was evaluated by least squares fitting the date to the equation

2
ef

2 K2y, ul

u N T+ UpN

g=U

From these tests it was determined that for the horizontal wire (a = 0)

2

k™ = 0.025

and for the slant wire ( o= 47.3)

2

k™ = 0.055

2

Finally, it is noted that k“ and (h-1) are at most of the same order as the first

order velocity terms Uy’ Ugs uy, and u, and, therefore, have no significant effect on the
results. An inspection of equations (24 - 31) (i.e., the equations used for evaluating the
unknown velocity terms) shows that they enter as coefficients of products of these first
order velocities. Since terms involving triple products of these first order velocities
have been dropped from the equations, it would be equally reasonable to set k2 =0 as

well as (h-1) = 0. However, this assumption regarding k was not made in this report.
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Transformation to Laboratory Coordinates

The experimental results were first determined in the hot-wire coordinates of
figure 7 using the equations and procedures described in the preceding paragraphs.
This Cartesian coordinate system rotates with the mean flow velocity vector and,
therefore, \;ith respect to the fixed laboratory Cartesian coordinate system as shown in
figure 8. For theoretical analysis, it is usually convenient to work in the fixed
laboratory coordinates. Therefore, the results expressed in the hot-wire coordinates
have been transformed to the laboratory coordinates for all data presentations. This is
accomplished by using the tensor transformations for Cartesian coordinate rotation.

For convenience, let the hot-wire coordinates be represented by X'; where i

= 1, 2, 3 and the laboratory coordinates be represented by xj where j = 1, 2, 3 so that

and

The corresponding coordinate systems are shown in figure 12, For this particular case,
rotation is about the Xy = x'2 = y axis. The general form for the vector (first order
tensor) transformation is

V! (33)

V = i

[
P 1p
where the indices i and p take on values 1, 2, and 3, a repeated index is held to be
summed over the three values, Vi' is the i component of the vector in the hot-wire
coordinates (xi'), VP is the i component of the vector in the laboratory coordinates (xi),
and & ip is the direction cosine or the cosine of the angle between X! and x p* The

velocity components V) are related to those used in the previous equations by the
identities

V'= 0 (34)
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The velocity components Vp are related to those used in the data presentations by the

identities
=U, V,=U, V,=U (35)

These relationships are also indicated in figure 12. .
The general form for the second order tensor transformation for the X' and X;

coordinates is

- 2 2
Tpq = ip jq Tij (6)
where the repeated indices are again held to be summed over all three values, Tij' is the
ij component of the tensor in the hot-wire coordinates, and qu is the pgq component of
the tensor in the laboratory coordinates. The six components of each of these
symmetric tensors are related to those used in the previous equations and those used in

the data presentations by the identities

2
ug usuy ugu
T.'= uu 7 uu (37)
1) — Sy Yy yn
2
ugu uyu n u_
and
r— ey
u2 u_u u u
X X'y X z
T = uu ? uu (38)
20 Xy y Yy z
2
uu_ uyuZ u;
respectively.
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The velocity components in the laboratory coordinates, as given by the identities
of equation (35), were evaluated using equation (33) starting with the velocity
components in the hot-wire coordinates as given by the identities of equation (34).
Similarly, the tensor components (i.e., the auto- and cross-correlations of the
fluctuating velocities), as given by the identities of equation (38), were evaluated using
equation (36) starting with the tensor components in the hot-wire coordinates as given
by the identities of equation (37). The direction cosines in equations (33) and (36) vary
only with the measured flow angle o (see fig. 7).

RESULTS AND DISCUSSION

Preliminary studies regarding the quality and repeatability of the results will be
discussed first. Following this, the general character of the juncture flow as deduced
from contours of constant mean velocity and from vector plots in the y-z cross-section
will be described. Finally, the results from the detailed measurements in the juncture
will be discussed.

The main results of this experimental investigation are measured values of the

y U,

mean velocity components U_, U
x? Ty y’ "z

and Uz and the turbulence quantities u'x, u'

uxuy, uyuz, and uu, at two streamwise stations in the juncture flow. These values are
presented in Tables 1 and 2. Representative results have been selected for detailed
graphical presentation. In addition,a collection of certain of the tabulated data, at the
two streamwise stations, is presented in composite plots in order to display trends and

to illustrate the relative behavior of the various quantities.
Preliminary Studies

Before systematic data-taking was begun, an evaluation of the undisturbed flow
field and of the data acquisition and reduction methods was carried out by making hot-
wire measurements in the turbulent boundary layer on the flat plate with the body
removed. These results showed that a fully-developed two-dimensional turbulent
boundary layer was well established and that the mean velocity and turbulence profiles
were in good agreement with the classical data due to Klebanoff (ref. 16).

The repeatability of the data in the juncture flow was checked next and
determined to be excellent . Typical results are presented in figure 13. The turbulence
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measurements shown in figure 13 were made at x = 165 mm (6.5 in) and z = 30.5 mm (1.2
in.). The three data symbols represent a random selection of runs on different days and
at the beginning and end of a given day. Figure 13(a), showing u', is typical of the
repeatability of data taken with the horizontal wire. Figure 13(b), 't]x_uy, shows
representative repeatability of data taken with the slant wire. Figure 13(c) illustrates
the repeatability of F;LE, which is the most difficult component to measure. The
method used to measure this component involved combining RMS data from both the
horizontal and the slant wires. This was found to be more accurate than obtaining the
component by using D.C. data from the slant wire alone, for reasons that are explained
in Appendix C.

The data presented in Tables | and 2 and in the remaining figures are the best (i.e.
most consistent) survey profiles at those several stations where more than one survey

was made,
General Character of the Juncture Flow

Contours of constant mean velocity, U x/Vm, are shown in figure 14 at the two
streamwise measurement stations. These contours show the presence of a strong
counterclockwise (looking downstream) secondary flow in the juncture which is
contained within a region extending about 51 mm (2.0 in.) away from the surface of the
body at the upstream measurement station. At the downstream station, the secondary
flow region has grown to about twice that size. The presence of the counterclockwise
vortex in the juncture is more apparent in figure 14(b), where it is seen that high
velocity fluid is carried down toward the plate surface at z = 25 mm (1.0 in.) while low
velocity fluid is carried upward and away from the plate surface at z = 70 mm (2.7 in.).
The majority of the detailed measurements described later were carried out within the
region of large secondary flow activity.

The presence of the secondary flow vortex in the juncture is shown more clearly in
the two vector plots in figure 15, which illustrate the velocity components in the y-z
plane at the two streamwise stations. At the upstream station, x = 165 mm (6.5 in.), the
vortex is stronger than that observed by Shabaka (ref. 11) at x = 156.6 mm (6.16 in.).
This is to be expected, since the leading edge of the body used here was much more
blunt than the one used in reference 11.
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At the downstream station, figure 15(b), the vector plot suggests the presence of a
second, smaller vortex having a clockwise sense and located very near the body. A
similar indication is seen in the vector plots at station x = 1223 mm (48 in.) in reference
11. Comparison of the two vector plots of figure 15 indicates that the secondary flow
vortex grows (diffuses) as it progresses downstream. The magnitude of the vectors
shows that the vortex is also weaker at the downstream station because of the
conservation of angular momentum.

The location of the effective core of the secondary flow vortex may be estimated
from the vector plots of figure 15. At x = 165 mm (6.5 in.) the center is at z = 32 mm
(1.25 in.) while at x = 902 mm (35.5 in.) it is located at z = 44 mm (1.75 in.). Expressed
in terms of body widths, the centers are, respectively, at 0.55 and 0.78 body thicknesses
away from the body surface. The weaker vortex studied in reference 11 was located
closer to the body (0.36 body widths) at x = 156.6 mm (6.16 in.) and was only 0.46 body
widths away from the body at x = 1223 mm (48 in.). As other investigators (refs. 10 and
11) have observed, the secondary flow vortex moves slightly away from the body surface
as it proceeds downstream.

Considering the vertical (y) location of the vortex center, the approximate values
from figure 15 are 8.9 mm (0.35 in.) at the upstream station and 17.8 mm (0.70 in.) at
the downstream station. The ratios of these y values to the local thickness of the
essentially two-dimensional boundary layer are 0.33 and 0.54 at the two measurement
stations. In contrast, corresponding ratios estimated from reference 11 are 0.58 and
0.48 at comparable streamwise stations. Thus, in terms of local undisturbed boundary
layer thickness, the stronger vortex in the juncture is located much nearer the surface
of the flat plate near the body leading edge than is the weaker vortex (ref. 11). Also,
the normalized height to the vortex center apparently increases with distance
downstream for the stronger vortex but decreases for the weaker one.

The fact that the strong secondary flow is confined to a narrow region near the
body surface is indicated in the vector plots of figure 15 and confirmed by the profiles
in figure 16. In the latter figure, one mean flow and two turbulence profiles are
presented at z =152 mm (6.0 in.) and compared with the classical two-dimensional
boundary layer measurements of Klebanoff (ref. 16). The measured mean streamwise
velocity profile, figure 16 (a), agrees very well with the two-dimensional reference

profile except in the region near the plate surface where the measured profile is slightly
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less full., The difference is attributed to the slight effect of the body on the boundary
layer flow and to the lower Reynolds number for the present experiments. Similar
disagreements are seen in the normal stress profiles of figure 16 (b) and in the shear
stress profiles of figure 16 (c). The disagreement in the outer third of the profile in
figure 16 (b) is because the turbulent intensity in the free stream for these experiments
(0.5%) was greater than that for the reference work. Figure 16 indicates that the flow
in the viscous layer on the flat plate at z = 152 mm (6.0 in.) can be said to be
effectively two-dimensional.

The skewing of the two-dimensional boundary layer on the flat plate, which was
noted in the introduction, is illustrated in figure 17. This figure shows the variation of
the local mean flow direction, © , with distance above the flat plate as a function of x
and z. The skewing is much more pronounced at the upstream station, as expected. At
the upstream station, the mean flow is directed toward the body ( © negative) at the
outer edge of the viscous region and away from the body ( ©positive) closer to the plate
surface. At the downstream station, the skewing of the mean flow is confined to about
the lower half of the viscous region. It is this angle © , the angle between the s and x
axes as determined from measurements with the horizontal wire, that specifies the s-n

plane for the slant wire measurements.
Mean Velocities and Turbulence Stresses

Selected graphs of the mean velo;ity components Ux’- Uy and Uz and the six
turbulence stresses are shown in figure 18 as a function of distance above the plate at
the upstream measuring station. Comparable results at the downstream measuring
station are given in figure 19. As has been discussed, the results at the largest value of
z at both stations correspond to those for an effectively two-dimensional boundary
layer. Thus, the curves for the largest z may be used as bases of comparison when
studying the behavior of the flow in the juncture in figures 18 and 19. Also, in
examining figures 18 and 19, it should be kept in mind that, from the vector plots (fig.
15), the effective core of the secondary flow is located at approximately z = 32 mm
(1.25in.) at the upstream measuring station and z = 44 mm (1.75 in.) at the

downstream measuring station.
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The profiles of the x-component of mean velocity, figures 18 (a) and 19 (a), bear
out the overall behavior of the juncture flow which was deduced from the contours of
constant mean velocity in figure 14 and the vector plots of figure 15. Near the body
(small values of z), the mean velocity profiles are fuller than those for the undisturbed
two-dimensional boundary layer, indicating that high momentum fluid is being
transported towards the plate surface by the action of the secondary flow. At an
intermediate distance from the body surface, and particularly near the effective core of
the secondary flow, the profiles are distorted. Further outboard, the profiles have a
smaller velocity magnitude for the same height above the plate than do the comparable
undisturbed boundary layer profiles. This is due to the fact that low momentum fluid is
being transported upward and away from the plate surface by the action of the
secondary flow.

A comparison of the profiles of the y-component of mean velocity, U_, is shown in
figures 18 (b) and 19 (b).* These profiles again demonstrate the courrterclockwise
vortical motion of the secondary flow. Inboard of the effective vortex center there is
an appreciable downwash in the viscous layer at the upstream measuring station.
Outboard of the vortex center the upwash is greater at the downstream measuring
station. The maximum pitch angle of the velocity vector in the juncture flow is about
three degrees.

Profiles of the z-component of mean velocity, Uz’ are shown in figure 18 (c) and
19 (c). These profiles indicate the skewing of the boundary layer as previously noted in
the discussion of the yaw angle profiles (fig. 17). The information in figures 18 (c) and
19 (c) is similar to that in figure 17 and again illustrates the presence of the secondary
flow vortex. The large velocity gradients in the Ux and Uz profiles at the upstream
measuring station near the surface of the body indicate a considerable increase in flat-
plate shear stress over that for a conventional two-dimensional boundary layer.

The profiles describing the distribution of the turbulence stresses in the juncture,
which are found in the remaining plots in figures 18 and 19, point out the important
result that the secondary flow in the juncture has large effects on the turbulence as
well as on the mean flow. That is, the secondary flow in the juncture re-distributes the
turbulence as well as changing the mean flow direction.

*Profiles of the y-component of mean velocity, U_, presented in an interim Status
Report show too great an upwash and are unreliableYfor reasons explained in Appendix
D.
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The turbulent normal stress u'x, figures 18 (d) and 19 (d), is reduced near the body
and increased outboard of the effective core of the secondary flow when compared with
the undisturbed two-dimensional boundary-layer values. At both measuring stations, all
the curves coalesce into a single curve near the flat plate, indicating that there is an
equilibrium in the wall layer. Near the effective core of the secondary flow the normal
stress increases considerably at the upstream station but does not have such an abrupt
behavior at the downstream station. This is perhaps because the secondary flow has
diffused with distance downstream.

The distribution of the turbulent normal stress, u'y, figures 18 (e) and 19 (e), has
the same qualitative behavior as that described earlier for the normal stress U
Because the u'  data had to be obtained using the slant wire, and the sensor portion
could not be positioned very near the plate surface, the coalescing of the curves near
y = 0 noted with regard to u'x is not present in the u'y plots. Between the body and the
vortex center, the values of u'y are lower than those for a two-dimensional boundary
layer, while outboard of the center they are considerably higher, particularly at the
upstream station.

The distribution of the turbulent normal stress u'z, figures 18 (f) and 19 (f), shows
a trend similar to that for u' in the sense that the values are lower than those for a
two-dimensional boundary layer inboard of the vortex core and higher in the outboard
regions.

Profiles of turbulent shear stress UE are shown in figures 18 (g) and 19 (g), and
indicate a transport of turbulent shear stress by the secondary flow. The turbulent
shear stress near the surface of the body (i.e. inboard of the vortex center) is very small
at the upstream station, while at the downstream station it becomes negative at the
outer edge of the viscous region., Near the vortex center, the distributions become
highly distorted.

The turbulent shear stress u_xu_z', figures 18 (h) and 19 (h), is significant in this
juncture flow., At the downstream station the large values observed at z =15 mm
(0.6 in.) are due to the boundary layer on the vertical body.

As has been mentioned, there is scatter in the data for the shear stress ﬂ;
(figs. 18 (i) and 19 (i)). Nevertheless, this shear stress is not zero, as it would be for a
two-dimensional boundary layer, and inspection of these figures reveals significant
values of uy_uz—, with those profiles near and outboard of the vortex center being highly
distorted. '
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A summary of the behavior of the secondary flow in the juncture, both as regards
mean flow and turbulence, is presented in figures 20 and 21. It is instructive to follow
the trends in the various quantities and their relative behaviors by studying these
figures. In so doing, keep in mind that the profiles at z = 152 mm (6.0 in.) represent the
behavior of a two-dimensional turbulent boundary layer with no secondary flow. It is
also useful to recall that at the upstream station (fig. 20) the effective core of the
secondary flow is at approximately z = 32 mm (1.25 in.) and at the downstream station
(fig. 21) it is located at z = 44 mm (1.75 in.). Inspection of the curves in figures 20 and
21 shows that the trends in the results are smooth and consistent. The turbulent
stresses are seen to vary quite substantially in both the y and z directions as a result of
the presence of the secondary flow system. There is considerable evidence of similarity
between the turbulent shear stresses and the mean-flow strain rates. This is important
in eddy viscosity modeling of shear stresses, and should be investigated further. Also,
there is some evidence of similarity between the variations in the turbulent stress
components.

CONCLUDING REMARKS

The hot-wire measurements carried out in the juncture formed by a flat plate and
a body of constant thickness having a 1.5:1 elliptical leading edge have led to results
from which the following conclusions may be drawn.

1. The experimental results for the mean flow and turbulence components show
clear and consistent trends.

2. The secondary flow in the juncture transports mean momentum toward the
flat plate near the body surface and away from the flat plate further
outboard from the body. This results in the mean velocity profiles being
changed considerably from those for a two-dimensional boundary layer.

3. The secondary flow in the juncture also transports turbulence and has a
large effect on the distribution of the turbulence stresses,

4, In the juncture flow, there is considerable evidence of similarity between
the turbulent shear stresses and the mean-flow strain rates. Also, there is
some evidence of similarity between the variations in the turbulent stress
components. These points should be investigated further,
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5.

The strength of the secondary flow vortex in the juncture increases as the
leading edge of a body of constant thickness is made more blunt. This
stronger vortex has an effective core which is located closer to the surface
of the body than is the weaker vortex caused by a leading edge of smaller
fineness ratio.

The secondary flow vortex in the juncture diffuses as downstream distance

from the body leading edge increases.



APPENDIX A
TIME AVERAGING

In the experiments reported here, the data reduction method used to find the
mean velocity components and turbulence stresses was based upon analog (voltage)
measurements. The method utilizes the time-averaged mean (D.C.) voltage and/or RMS
voltage at each point in the flow. This time averaging was accomplished by transferring
the linearized voltage output of the hot-wire anemometer and the voltage signal from
the true RMS meter to an integrating digital voltmeter. The maximum integrating time
of the HP-2401C digital voltmeter is one second. Longer averaging times were obtained
by making repeated calls to the voltmeter from the computer and then arithmetically
averaging the several integrated voltages. The time interval between calls was about
16 milliseconds.

The question arises as to the proper total time or number of data points for
averaging. It was found that the scatter in some calculated velocity and stress
components was sensitive to the averaging time, so this matter was investigated.

The uncertainty in the measured value of the turbulent shear stress a_yTn (the
shear stress in the hot-wire coordinate system) for different averaging times is shown in
figure 22,

The calculation of uy—ur; involves taking the difference of two time-averaged RMS
voltages. Also present in the equations is a previously determined value of u sYne This
quantity was specified at a representative value and held constant for these
calculations.

Over one thousand data samples (successive RMS voltage readings) were taken at
an averaging time of one second each at = 0° and at a representative value of y. The
standard deviation of these voltage samples was calculated and introduced into the data
reduction scheme as variations in the voltages around typical reference values. These
typical reference voltages were obtained from a survey at the particular x and z using
moderate averaging times, and were used to compute reference values of -u_y_ﬁr: The
result is shown in figure 22 as a plus/minus scatter in u—yu'; from the reference values.
Averaging times of greater than one second (i.e. greater than the integrating time of

the HP-2401C voltmeter) were obtained by arithmetically averaging the one-second
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data samples in groups. As is apparent from figure 22, the scatter in the calculated
shear stress is greatly reduced if long averaging times are used (i.e. a large number of
data points are averaged) during the voltage measurements. The data reduction process
then becomes a compromise between desired accuracy and the time required to take the
data.

The relationship between scatter and averaging time was checked for the other
mean flow and stress components in a similar way. On the basis of the findings it was
decided that an averaging time of 30 seconds (the average of 30 readings each
integrated over 1 second) would be used for all voltages used in the determination of
Uy’ u'y, q&;, and Tj—un' It was concluded that a one second faging time would be
adequate for readings taken to determine U s? Un’ u's, u'n, and uu, since the scatter in
these results was relatively insensitive to the averaging time. After allowing for tunnel
warm-up, a typical hot-wire survey took 30-90 minutes depending upon the averaging
time and the number of y ordinates (16 or 24) at which measurements were taken.
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APPENDIX B

EFFECT OF FLOW TEMPERATURE VARIATIONS
ON HOT-WIRE ANEMOMETER MEASUREMENTS

Consider the hot-wire response equation
2
E ‘, (B-1)
=—=— = A+ByU
Te-T¢ eff

where U .. is the effective cooling velocity, E is the nonlinear output voltage and A and
B are calibration coefficients. Tw and T § are the wire temperature and flow
temperature, respectively. For a given flow velocity, the right side of equation (B-1)
remains constant. This implies that E is directly proportional to (T w" Tf). The same
argument holds for E, the nonlinear output voltage at zero velocity.

For a given overheat ratio, (T W/Tf)’ the anemometer circuitry maintains the
sensor temperature at a constant level. However, the temperature of the air flow in a
wind tunnel can increase over a period of time before relative stabilization occurs (fig.
23). This temperature rise would be sensed as an apparent drop in the flow velocity.

Various methods can be used for compensating the output voltage for this
temperature variation effect. Some of these methods are:

(1) Measurements can be made after the flow temperature has reached a

constant value,

(2) The overheat ratio can be adjusted, within limits, so as to maintain a

constant value of (Tw-‘l' £

(3) An accurate record of the flow temperature can be kept and used to correct

the data later.

Generally, these procedures are either cumbersome or excessively time-
consuming. Two other methods of correction for temperature variation effects were
considered in the course of this work and are described below. The second method was
the one used to correct the data presented herein.

The first method considered was a "Two-Point" correction procedure. The

calibration curve of the wire (for details, see Procedures and Calibrations) yields the
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value of E corresponding to U=V 23S well as the value of E o- These two voltages E o
and E, which correspond to Ueﬁ=o and Ueﬁ=vw , respectively, are used to set the span
of the linearized output. At the calibration temperature, the linear output curve (fig.
24) passes through the origin. Decreases in the voltages E o and E, as the flow
temperature increases, result in a downward shift in the output curve and a change in
the slope (fig. 24). 1f E0 can be measured frequently enough so as to offset the input
voltage to the linearizer as an update correction, then the linearized output curve will
continue to pass through the origin. Hence, the slope of an updated calibration curve

can be obtained by measuring the linearized output voltage (E in the usual way at

R,)new
the edge of the boundary layer where Ueﬁ=vm . Finally, this new slope can be used to
scale up (or scale down) all of the measured voltages to their corresponding values at

the calibration temperature. Thus,

(slope)

. ' calibration temp.
- (ESL )measured x (slope)

E, )
% new (B-2)

corrected
The problem with this "Two-Point" correction method of adjusting E o and the slope of
the linear output curve is that it requires many measurements of E‘o' This means that
the wind tunnel must be stopped frequently in order to provide a zero-velocity
environment for the wire.

For this reason, a "One-Point" temperature correction method was employed here.
In this approach, the input voltage to the linearizer is offset by E, only at the beginning
of a series of measurements, which typically take several hours to complete. At the
end of each boundary-layer survey, a new slope of the linearized output curve is
determined by assuming that the curve still passes through the origin and then
measuring the value of E at the boundary-layer edge when Ueffsz (fig. 24). This new
slope then is used to scale all of the voltages measured during that particular survey by
using equation (B-2). Of course, the new slope is approximate because the actual
curve may no longer pass through the origin.

This method of using the approximate slope introduces small errors in measuring
effective velocities when these effective velocities are well below the freestream

value, Calculations based on a typical calibration curve show that a change of 3°c
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(5.4°F) in flow temperature introduces a maximum error of less than 1% in the
measurement of effective velocity over the operating range of 7 m/s (23 ft /sec.) to 17
m/s (56 ft/sec.).

In order to reduce this error still further, the wind tunnel was run for one hour
before the initial value of E o Was measured. This bypassed the period of time during
which the flow temperature increased most rapidly (fig. 23). Also, if the measurements
were to take more than four or five hours, the flow temperature was monitored and the
wind tunnel was stopped and Eo updated after every 1.0°C (1.8°F) temperature rise.
Using the "One-Point" correction method in this way introduced a maximum error of

less than 0.5% in the effective velocities that were measured in these experiments.
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APPENDIX C
MEASUREMENT OF uyun

The turbulent shearing stress —Jy—u;, which is generally small, proved to be the most
difficult stress component to measure, and finding a satisfactory method required
special study.

After examination of the basic wire-response equations, the most straightforward
way to evaluate u_yu; is by taking the difference of two mean voltages, ESL . These two
mean voltages are measured with the slant wire oriented at a nominal a = + 45° in the
measurement or s-y plane, il.eyat ¢ = 0° and Y = 180°. With these choices of angles,
¥, the response equations simplify so that the two mean voltage equations contain only
UTn as unknowns and the solution is accomplished.

When the values of uyun were calculated at z = 152 mm (6.0 in.) using the
difference of two mean voltages, E,Q, , it was found that the result was an order of
magnitude larger than expected. It was determined that the problem lay in the

variation of the free stream velocity, V,, . Recall that the readings with the slant wire

o
were made sequentially rather than simultaneously, since the probe had only a single
sensor. Even though V,, was held constant to within + 0.5%, this small difference
introduced a difference in the two values of mean voltage, Eﬂ. , which was sufficient to
mask the small difference in E, which was attributable to ugu- Averaging the
readings of Ey, over a very long time, in an attempt to suppress the V, variation, did
not improve the quality of the results.

In order to examine the possiblity of obtaining m from other measurements
than the difference of two mean voltages, the wire-response equations were derived in
full for arbitrary values of @ and ¥ . From this it was observed that u_yu; also could be
determined, using the slant wire, as the difference of two time-averaged RMS voltages,
hence eliminating the DC voltage drift due to the small variations in V_ . However, in
order to find u_y'ﬁ; from measured RMS voltages, the necessary two equations also
contain the quantity u.u, which is determined from horizontal wire data and hence is
subject to experimental error. Accordingly, values of ¥ were selected at which the
coefficients of the unknown m were large while the coefficients of E were small.
The choice of the appropriate values of ¥ is discussed in the main text of this report

under Development of the Equations, part 6.
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APPENDIX D
MEASUREMENT PROBLEMS IN EVALUATING Uy

The determination of the vertical component of mean velocity, Uy, involves a
measurement of the time-averaged DC voltage ER, with the slant wire at two
orientations ( = Oo, 1800) in the s-y measurement plane.

The data for this experiment were collected by first making all of the
measurements in the s-y plane at the upstream station, using first the horizontal wire
and then the slant wire. A complete set of measurements then was made at the
downstream station. Finally, the instrumented slide was moved back to the upstream
measurement station in order to complete the measurements there and also to make
some final repeatability checks. Over the outer half of the boundary layer, the new
values of Uy showed poor repeatability when compared with the values determined
earlier at the upstream station, with the new measurements indicating a larger upwash
corresponding to a pitch angle increment of about 1.5°.

At first, it was thought that the wind tunnel flow had changed or that some
hardware had shifted during the course of the experiments, and considerable effort was
expended in checking the hot-wire probe, cleaning the screens in the wind tunnel,
verifying model alignment, and so on. When these efforts produced no change in Uy’ the
slant wire probe again was scrutinized in detail. After many trials, the cause of the
problem was discovered. Referring to figure 5, the two needles supporting the slant wire
pass through two holes in the surface plug, and the needles move in and out of these
holes as the measurement height, y, is changed. The holes in the surface plug were
purposely made small (about twice the diameter of the needles) so as to minimize
inflow-outflow interference when the wire was close to the flat plate. This clearance
was carefully checked after the probe was fabricated.

The surface plug in the original design was made in one piece. It was press-fit
into the probe holder and held by three set screws. During the detailed re-examination
of the probe, it was found that the surface plug had rotated slightly at some time during
the experiment, presumably at about the beginning of the downstream measurements.
As a result, one needle was touching the surface plug. Thus, as the needles were moved
in and out of the holes during a survey, one needle bent slightly since it was not

perfectly aligned with the vertical direction of motion. As a result, the slant wire
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experienced a slight change in tension. None of this was visible to the eye, even with an
optical comparator, but change in axial force on the wire was detected as a change of
about 0.01 ohms in the cold resistance. This small change in wire resistance varied as
the needles were extended into the flow, and this resistance change was sufficient to
cause the observed change in Uy.

The probe was fitted with a new surface plug which was split (fig. 5) and the hole
clearance was increased slightly. No differential resistance changes were observed
after this modification, and the new values of Uy determined with the modified probe
repeated those measured much earlier at the upstream station.

This needle interference did not have an observable effect on the turbulence
stresses measured with the slant wire. However, it was decided to repeat all slant wire
measurements at both measuring stations using the new surface plug. These are the
data presented in this report.

During the close examination of the slant-wire probe while investigating the
needle interference problem, it was also discovered that the axis of rotation of the
probe was not exactly parallel to the y axis, the divergence angle being approximately
0.25°. Thus, as the slant wire was rotated in the s-y plane from ¥ = 0°to ¥ = 180° the
angle that the slant wire made with the horizontal was not constant, as had been
assumed earlier, but rather was increased by about 0.5° at one orientation and
decreased by 0.5° at the other. This correction has been incorporated into the data

reduction program used in calculating the results presented in this report.
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Mean velocities and turbulence stresses in the juncture ( x = 165 mm.).
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Table 1. Continued.
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Table 1. - Continued.

Ux .EI Uz wx u' u; uu 4 Yl
= J 2, T T v v ¥ AN
(mm) (mm) (in.) © o © © o o vco
5¢.8 5 g2 Ab - Q24 84 - 049 - -5.8
.8 43 52 - 929 .884 - B4z - -5, &
1.8 .44 55 ~ 828 Jfas - 045 - -5.&
1.3 45 .58 - 829 478 - 047 - -4.4
£.5 B4 .68 - a7 47 - B4s - -3.3
{1.8 47 Al - 409 AT - (343 - 5.4
2.8 .08 .53 - 438 074 - 054 - ~3.8
2.3 .89 53 B84 A3 AR 848 346 4.4 -3.4 4.4
2.5 .46 65 i1 b9 76 Q48 L343 14.2 -4§.8 3.6
3.8 48 &9 - 484 .80 A . 047 043 2.8 -2.8 2.3
5.4 .o 73 §.oag gns 868 B4 044 117 -4 -%.8
5.4 .25 .75 g aad .80 i . 349 LY 1.3 2.2 -9
7.6 .30 M . aad 46 63 s RILE £4.2 3.3 -5
8.9 i 8¢ 803 RiiE 453 49 345 18.5 4.8 -2.7
ig.2 LAl .82 il Bo4 62 54 47 i8.8 3.3 -.4
1.4 .45 .84 a2 - §43 82 s f45 8.7 2.4 -£.5
8.7 58 45 .88z - 087 Aot 052 B4% 18,2 2.2 ~-$.5
5.2 .58 .8¢% 80 - 044 859 445 437 2.4 1.4 -4
17.8@ .78 R - 462 - &1 s2 . 347 435 6.4 £.2 5
28.3 .48 95 - 444 -. 848 347 a2 g3z 4.3 ] 1.9
28.9 N7 87 - 4a7 - 059 Q3% 044 3 2.5 .3 R
25.4 1.08 59 - 448 - 849 Az 835 i .3 b 2.8
27.9 1.48 1.8 - D43 - Bi9 423 B34 Y o I 8 .8
348 1.05 .82 - -.048 349 - .Bis - 4 -

th




hh

Table 1. - Continued.

U U U u' u' u'

X 3 Z R S 2z

(mm ) (in.) Vw © Vw Vo Vo Vo
.5 e .49 - Xt 098 - 845
.8 B3 .54 - JE38 8% - .44
5.0 B4 .57 - 344 .48z - L858
1.3 B85 .57 - L343 .48z - b4
i.5 g4 31 - 845 4y - 848
1.8 87 62 - 544 884 - 443
2.8 .83 .64 - . 845 e - B4k
2.3 42 .65 RX: fi44 7 048 048
2.5 .48 58 L3as 848 478 049 844
3.8 .15 .78 i 143 A7 . 846 40
S.4 .28 73 303 (836 R 353 958
6.4 .25 78 sl 29 a9 856 RLE
.8 .30 .79 B4 L824 &7 . 853 . 848
8.9 .38 .29 483 JB48 i B64 49
8.2 44 54 443 - B3 47 84 449
4.4 .45 83 RiEE -, 81 Ry g3 B44
2.7 58 8% 4488 - 848 365 &2 . 845
5.2 68 e 83 - 023 s gL 45
2.8 .78 .9z - 884 -. 424 CB83 854 848
§.3 .o 5 - 4% - 823 RIEE R LT 034
2.9 28 .97 -. 448 -. 422 Ry 43 3]
5.4 1.00 1.88 -. 842 - 484 433 434 R
7.9 1.8 $.84 - 814 - 824 L4n8 B33 323
1.8 $.2% {.02 - ~. 348 B4 - e

o T g P F 5 g o s

-3
ol T I

[ N T P S T Y Nl ol Sl ol B *¥ N
PO e =3 b B L01 UY 00T U s U L B

Pl pg b L e g B0 PO L gn B g €5 £ O

PR S YN o B PR S SR N SO % | 3 b
Cod Br 50 T g €D ) 23 Ll TR B ) 3 e md g P 0 Y e Bed 0

1
N

| JE W . Lo T
[ IR = TS P R S I Wy B AT I < = B ]

t
]
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Table 1. - Continued.
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Table 1. - Continued.

Ux U Uz u'x u' u'z u u 4 s YWY, 4
z y y v VY v v Vy v -—-leo - x10 ‘—Lz'xlo
(mm) (mm) @n.) © © ) ® ) ®
3.5 .5 .4 .57 - 094 .494 - L858
.8 B3 64 - 583 94 - 048
1.8 04 .68 - 489 887 - .04%
$.3 85 N - 486 084 - 043
4.8 s .74 - 408 . bad - TR
i.8 47 77 - Jiig 477 - 047
2.4 .08 77 - 499 473 - 845
2.3 49 77 409 467 A7 82 B4 A -52.0 -9
2.5 .48 .88 947 487 Bs? B35 044 7 -9.8 -5.8
3.8 45 (84 0 886 .39 .452 Bas 4 ~21.5 -7.4
5.4 .28 a2 -.005 . B54 854 859 848 2 -S89 -6.4
&.4 .05 .80 ~ 304 .842 LY 063 047 1.9 -4 4 -3.8
7.8 3 a8 - 347 RULH 883 psa 52 4.7 -2.8 -5.5
a9 .38 R - @08 -. 847 067 868 Rt .7 -2.2 -5.4
ig.2 .48 a2 - 008 - 808 L7 Bs3 L B4g 0.8 -7 A
i1.4 4% .82 -. 807 -.433 73 061 958 2.5 ~2.3 -8
2.7 .58 .94 -~ 885 - 844 874 g5k JBas 13.3 -2.8 1.8
§5.2 40 .89 -8 - 342 Ry D44 . 04p $2.3 -2.8 3.4
i7.8 78 .94 - 807 -.839 859 838 38 7.4 -5.4 4.4
28.3 .8 97 ~. {84 -. 637 47 35 28 4.8 -1.8 .2
2.9 .98 .99 -. 804 - 438 33 B34 R4 2.8 -9 $.8
35.4 {.08 1.0¢ ~. B804 - §38 .oz B3R o .2 -4 2.1
27.9 i.40 .82 -. 084 - 432 848 A58 844 -7 -4 -.2
3.8 1.0% 1.02 -. 048 i - B44 - -2 -




Table 1. - Continued.

X _y z X i'y Yy uxux 4 4 uxuz 4
z y y v v v v v " x10" - x10" -~ 3 x10
(mm) (mm) (@n) © © © © © ©

a7.9 .5 .42 59 - .0ge 894 - 147 7
.8 g3 .88 - 399 889 - 349 4
1.8 B4 T - 403 .85 - . 448 2.8
1.3 45 .73 - 408 B84 - 844 .3
i.5 06 76 - 185 et - B34 2
i1.4 A7 .77 - 483 73 - 347 4
2.8 a8 e - .48 LB6e - .B48 .3

2.3 49 .98 -. 814 489 B85 a3 844 3.3 .7 -4.3

2.5 48 a4 - & g9 64 B34 B 2.4 4 -7.?

3.4 .45 .84 -. 824 384 855 49 4z 4.4 .5 -g2.8

5.4 .28 a2 -, 429 .52 B5R .859 .48 -.7 B ~7.8

5.4 .85 83 - 8432 CB38 850 SN 854 9 -3.4 -5.3

7.8 .38 a3 - 836 843 &2 B64 054 4.4 ~3.2 -4 .5

2.9 .35 .83 -.438 - 887 Qa7 459 . @58 4.2 -2.4 -2.8

.3 AR .85 - 039 -, §28 &% R 4% 8.3 2.3 -.5

1.4 45 .85 - 439 - 8§33 878 . 854 147 i8.8 -2.2 3.5

2.7 58 - B& - 437 - B39 g7 L B4% 843 18.7 -4.5 .2

5.2 .58 .89 - 834 -. 842 863 45 843 2.2 -2.9 52

i7.8 .78 .94 - 834 - (39 53 .gap B35 5.4 ~4.4 3.2

28.3 .8 .84 -. 838 -.838 @42 37 B3 2.4 -{.7 i4

2.9 .98 a9 - 138 - 038 436 .38 38 .3 -1.8 $.2

25.4 1.88 i.80 - 43t - 833 2 B34 g -4.8 3 2.4

27.9 1.18 .42 - 429 -. 808 43 B2e CB49 -4.& -.4 -.5

358 £.85 {.82 - -. 828 L7 - .48 - -.4 -

6%
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Table 1. - Continued.

Ux Ey Uz u'x u' u'z U 4 4 YyY2 4
z y y 7 7 T T 5 T -—5-xl0 - x10" --L-2x10
(mm.) (mm) (@n.) © © © © © o
25.4 .5 L4 .51 - .gaz 895 - 045
.a 43 &7 - igs .ige - G644 .

i.g .84 7 - 494 . 887 - 839 .2

1.3 A5 75 - 887 JBR3 ~ 45 .9

i.5 L85 .77 - .0a3 87 - .42 74

1.8 .87 R .(89 JG73 - .G44 -5.2

2.8 .88 .84 - 487 888 - B3% -3. 3

2.3 49 Bz - 8§18 084 Ry Xt L2 1.9 -5.4 ~3.2
2.5 (48 .43 - 824 . 884 @59 438 LBa4 9 -5.4 -3.5
3.4 .45 .85 - 427 885 52 444 4t -1.8 ~4§.5 -5.4
5.4 el A5 - 437 846 883 L3588 g -9 -3.8 5.5
5.4 .25 a5 ~. 84z &pa 854 L4548 RILE 4 ~-3.5 ~-5.2
7.8 .38 .85 - 343 887 R R 45 2.2 ~-3.4 2.4
8.9 .35 84 ~. (145 - 345 B6R 52 L B47 3.9 3.7 ~-4.4
8.2 .48 .85 -. 347 - 804 CBA7 .43 i1 5.8 -3.4 -7
1i.4 A5 a7 - {144 - f3g Q66 047 048 6.4 3.5 1.2
2.7 ] a9 - {43 - 837 LY 39 844 .4 5.2 -4.8
i5.2 b8 22 ~. 44 -. 148 L858 41 B39 5.5 -§.0 L9
i7.3 .78 35 - f44 - 035 344 .83¢ 33 3.4 -2.3 &8
28.3 .88 89 - 834 - 334 il 438 38 1.3 -1.4 4.3
e .94 i.48 - 834 - 437 -. 827 3s Aads -5 1.5 i.8
25.4 1.468 $.08% -. 432 -, §32 e Rixty R -4.7 -1 $.4
av.e i.18 §.82 -. 432 - 337 J94g 829 T -2.2 -4 2
3.8 1.85 i.02 - - Bi8 R - 814 -~ - ¢ -




Table 1. - Continued.

U U u' u' u uu
y T - 7 7 - EExot - XZxet - L 240
(mm) (mm) @n.) i @ o o
S 2 .63 NN T 138 8.6
8 .7 47909 845 9.5
i.8 .04 i i 487 .§48 ~8. 8
£3 95 .7 76083 944 -9.8
1.5 08 79 76478 842 -8.2
£.8 47 .8 s AT 242 6.5
20 .8 .62 A7 068 844 -6.4
23 9 .8 478 .08 437 2.5 5.2 2
25 40 s 70 060 439 1.3 -4.9 3
3.8 45 8 A58 049 840 5.8 -3.3 7
54 .20 .4 435080 039 -3 -3.3 4
$.4 5 a7 M8 053 439 £.3 -3.8 b
7.6 3 8 085858 942 2. -3.8 2
3.9 .35 .88 RITREN 24 3.2 3.4 3
0.2 4 8 RICEEN T 145 5.2 ~3.7 2
144 45 .90 828059 043 4.4 -4.2 4
2.7 5 .9 4% 958 438 4.8 -2.9 9
152 80 M -434 053 38 3.5 3.4 4
7.8 . 037 L2 435 1.6 2.5 5
203 80 .99 -.435 .03 425 4 -1.3 2
2.7 % L. - 430 025 48 3 -4 4
4 100 L -gR 4 812 7 -4 K
2 BT R 7 -8 .0f R 8 4 R
3.8 435 L4 S S - 12 - -4

1<
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Table 1. Continued.

U u'
z y y T 72 7 T o v -5 x10% - x10* - L2y 0
(mm?) (mm) (in.) © © © © © o
20.3 .S 42 &3 - L8583 .49d - 442 .8
.8 B3 .7 - s 496 - 044 ~14.4
$.8 84 .7 - 472 . 893 - 844 i8.8
1.3 A5 .8 - i .paz ~ 438 ~-0.8
1.5 Y .82 - 46 .gag - B3R -8.3
i.8 A7 ik - gt LB7E -  B43 ~-3.9
2.4 .48 .33 - 865 67 - 444 -5.9
2.3 .89 86 - 12 LB6d 63 g 42 1.2 -4.9 ~-{.4
2.5 i g4 -. 814 858 358 23 B39 .2 -4.7 -4.2
3.8 A5 .a8 - 424 e 4% Q44 CB36 ~1.3 ~-3.7 -3.4
5.4 .28 .88 - 827 422 . 348 45 835 ~.5 ~%. 4 -2.3
5.4 .25 89 - 836 i 149 LS B34 .3 -3.4 -.4
7.8 .38 .7 -. 433 .gaz B54 846 439 1.4 -5.4 -4.2
.9 .35 R - 342 - Bi4 53 G432 B39 1.9 -§.8 -2.2
ig.2 .44 2 -.83% - 824 s 345 042 2.4 -3.8 A
11,4 AR 92 ~. 848 - 429 452 39 .a3a 2.5 -%.8 ~.4
2.7 .58 .74 -. 848 -. 403 852 438 3T 2.4 -2.7 2.4
i5.2 G 97 -, §3e - 034 847 B35 JBEs 2.4 2.5 {.8
i7.8 v .94 - 835 -. B34 439 B35 I 1.8 -§.4 2.8
8.3 .o §. &6 - 438 -, B35 B34 034 825 -4 -8 3.4
2.9 9 1.8 - 833 - 832 R A3 49 -1.4 -2 2.4
T 354 .08 $.82 - 609 - 827 I ¥ ke R ~1.8 -.8 $.5
27.9 i.48 i.82 -. 888 - 827 .8489 A7 44 -2.2 2 1.3
3.8 1.85 1,83 - ~. 025 g - B2 - -2 -




Table 1. - Continued.

? [] [
z L
y R4 Vv v ] v v v x10" -
(mnm) (mm) ° @n.) © © © © ® ©
i8.2 5 a2 b4 ~ 047 o0 - 638
.8 A3 .75 - it A - 437
5.0 (4 79 - 54 R - 37
$.3 .85 .84 - 858 884 - ikt
1.5 L& .85 - Lt 73 - B33 4
$.8 A7 .88 - 448 S - B4 5.9
2.8 i a7 - Q44 s - 37 - -5.4
2.3 e .83 -. 848 048 054 428 38 A 3.8 .3
2.5 L .a9 - #8 33 458 Cpar 38 2 -3.5 4
3.9 .45 ] - {35 L7 044 959 .83z b -2.5 .3
5.4 .28 94 - 433 LS RiEK L Xt -.% 2. & N
5.4 .25 7 - 433 L) .844 B4 X .8 -2.3 .5
7.8 .38 B2 -, 438 - 043 044 C4d L8353 1.3 -1.8 1.3
3.9 .35 33 - §37 -2t 44 348 B34 1.5 -2.5 &
ig.2 4D .94 -, Q37 - 024 a4 37 32 1.8 -5.0 2.8
1.4 .45 5] - 348 -. 823 842 838 XK 1.5 -2.8 i.5
§2.7 58 .98 ~. 42 - B3 443 35 3 .8 -3 2 1.7
i5.2 .58 57 - 344 -. 309 (837 JE3 938 .7 -1.4 i.9
i7.8 70 1.08 - {139 ~. 028 432 K3 2o ~.2 -1.8 2.4
28.3 .88 1.4 - Q39 - 835 834 g2z 045 -9 ] 3.8
.9 ot 1.82 - (34 - 827 R Rixit R 1.8 -4 i
25.4 1.88 {.82 - 834 - fR7 EiAL] a7 B4 1.9 -4 .5
2v.9 1.8 {02 - B33 - (2% R ) JH43 0.8 -2 4
1.8 .25 183 - - 825 i1t - 43 - -1 -

114
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Table 1. - Concluded.

U U u u' u u u uu
z y X VY V‘z 7’-‘ VY V—z -——sz x10% - X Z 4104 -—Y—zleo‘*
(mm) (mm) (@n.) o © o © © © v,

ig.2 .5 82 .78 - 403 897 - L34 - -3.7 -
.8 B3 .79 - 4od i - 3% - -§£.2 -

1.8 04 .84 - 825 AR - 438 - i.4 -

1.3 65 87 - .gia Rty - pav -3 -

1.5 .88 .88 - A4S Rk - g - ) -

1.8 67 a9 R L2 - (B30 - 1.9 -

2.8 .88 .89 - B4R 349 - A3z -~ i.4 -

2.3 g .89 - {18 a5 RILE] 2 B2 & 1.5 a7

2.5 48 .94 - 8 gga 047 B33 82 7 7 i.4

3.4 .45 R - 834 -.Qeg 044 5T 827 1.4 .9 1.5

5.4 .24 g - 837 -. 918 043 83s ikt 1.7 4 3.5

$.4 .25 94 -, §43 - 023 RiLK B34 43t 1.7 ~.% X5

7.8 L3 85 - 844 - 435 ke A3 (B34 1.7 -{.4 i.8

8.9 .35 ) - (40 ~. 428 837 424 I 1.5 ~-{.4 d.5

ig.2 A8 97 - §42 - 938 37 §3a gy 1.4 -i.4 2.4

ii1.4 A5 o8 -, {144 -.03% i fiog A .2 -4 2.7

2.7 .58 99 - 338 - 834 L334 iRty g7 1.3 -4.3 1.3

{8.2 ¥ $.08 - {38 - 033 g f2a ER .3 S ] i.8

7.8 .78 1.8 - 337 -.823 i g2y (823 -4 -3 1.5

28.3 B8 $.02 - B33 - 38 s Bas Qg -% -4 &

2.9 .98 i.02 -. 839 - 438 B4 A 84S -8 -3 4

25. 4 .08 $.02 - 48 - B30 - Qg9 B RN -G -8 .4

279 $.18 1.82 - 825 -. 828 388 843 843 -9 .8 3

1.8 1.2% i - - 838 Rty - ST - i -




Table 2
Mean velocities and turbulence stresses in the juncture ( x = 902 mm ).

X _y p X _:y Y E’_y_ 4 “x% 4 'z 4
2 y J v, v v, v, ¥ v, "7x0 -—3Ex10" -LExi0
(mm) (mm) (n.) © © o - o i~ v v v
[ -] 0 [+ ]
152.4 .5 @2 45 - - 888 B8y - 5 - .4 -
2 A3 3 - -~ }5 . 932 - i} - b -
{.4 .34 .53 - - 804 4re - 343 - -.2 -~
1.3 5 85 - - 445 074 - 48 - 1.4 -
i.9 .88 .57 - -. 884 Rk - 844 - - 8 -
1.8 47 .54 - - 883 472 - 044 - .7 -
2.8 .48 &8 - -, 882 472 - B4 - 4 -
2.3 .09 &8 R -. 082 N G54 043 13.% 1.3 3.2
2.8 40 58 Ba7 -. 084 iy 852 44 {3.3 A -4
3.8 .15 b4 Jis -. 883 68 54 B4 13.7 -.4 4.5
5.4 ] .58 804 -. 492 458 52 848 2.9 -8 3.8
5.4 .05 R 604 - (04 LBa? gany G642 1.5 & 5.7
T8 30 .74 8Os - 884 385 &2 CR43 i2.3 -3 4.2
a9 .35 78 Ji6a - B3 364 858 CB43 $i.& .2 4.4
i8.2 .48 .73 T §.008 LS 43 844 8.8 -5.4 1.8
14.4 A5 i RIS R 62 B4R J04s 8.3 -2 5.7
iR.7 .58 i g2 §.a8¢ 854 L .844 10.4 -9 4.2
i5.2 &8 .84 B84 R3] 457 (44 044 a.3 8 &%
7.8 .78 .87 204 882 853 844 . 348 7.3 -5 4.8
20.3 .af Rt B4 Jie3 Rt B39 3% 5.8 -4 x5
2.9 2 a2 384 iR e 442 B35 4.8 A 5.4
25.4 1.0¢ By R - a2 CQ4g 37 33 3.3 R 3.4
7.9 i.48 R4 L83 888 R Rt X i.? ~.4 1.3
33.8 .30 1.08 - - 403 B3 - Jgag - N -

119
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Table 2. - Continued.

Ux U Uz u'x u' u'z u u 4 U 6 YUy 4
z y y v VY v v VY v -——2sz0 - x10 ——%xlo
(mm) (mm) (@n.) o © © © © © L/
$14.3 5 a2 A4 - - 004 084 - L B44 7
.8 43 A9 - -. 885 478 - 445 A4
i.8 04 5 - - B04 874 - 442 4
£.3 .85 .53 ~ - 004 A7 - L &
1.5 BT AR - - 304 i - .§48 .3
1.8 Ry 55 - -. 303 478 ~ .844 .3
2.8 .he 57 - - (82 B8 - P45 : A
2.3 .89 .57 889 -.883 .89 .954 Ba4 43.4 .8 3.4
2.5 (i 59 s -, Be3 iy R2 4% i2.4 A .2
3.8 A5 .64 286 S k] B8 453 RN 134 i4 4.5
5.4 .28 48 .48 - B2 Q84 853 B4y 2.5 -4 3.4
6.4 P .48 84S §.84¢ L8455 853 943 2.7 4 2.4
7.8 38 .78 887 -804 Qb4 P50 L 043 2.4 -6 2.9
8.9 .35 73 088 8,008 gea 853 {48 1.5 .2 5.4
ig.2 .48 75 s R JB44 B4s .42 £4.3 -8 5.8
14.4 45 .77 844 B84 gs2 B4z f44 ig.5 .7 5.3
2.7 .58 79 408 §.o00 B4 847 943 18.7 4 6.4
i5.2 .68 a2 B4t §.9908 .pse (843 L3 3.9 2 8.5
i7.8 .78 .85 .08 - Bos 955 844 {142 8.2 .a 4.4
20.3 .88 .98 B4 - 883 953 KL 43 5.5 .8 4.4
2.9 .98 94 Ly i1 .948 B4 .48 5.7 1.3 7.4
25.4 §.00 93 89 -. 882 848 ki B34 4.9 & 2.9
7.9 .40 .95 RY . 008 B4R B33 gty 3.2 .2 2.8
33.8 £.38 .99 - -, 482 B3 - 805 - i1 -




Table 2. - Continued.

X u z X u' z X 4 4 z 4
z y y T 7 T 7 5 - —xl0" - 10" -—2x10
(mm) (mm) (n.) © © © © o o

88.9 .5 .42 .44 - ~. B2 .88s - 834 -4
.2 43 .47 - - @2 R - .ap ~-.4
1.0 .4 5 - - 842 876 - Ry 7
1.3 05 52 - - iz g7 - 44 i.4
£.5 Q4 .54 - - B42 A - §42 -.3
1.8 A7 8% - - 084 4469 - 48 a.2
2.8 .88 57 - - 482 A7 - 344 i.2

2.3 9 54 s §.0688 A7 147 LS {2.2 A 2.8

2.5 Al .58 i35 §.088 387 452 047 i2.3 i.2 -3

3.8 S 62 s ag2 g4 453 RER i2.4 1.7 4.4

5.4 .28 ) 483 L3S 387 it L3R 2.3 2.5 §5.4

6.4 .25 &7 004 064 R LN e 042 i2.4 2.8 5.5

7.8 38 a9 8¢ 004 a5 849 248 1.2 2.7 4.5

8.9 .35 . .G84 .pe2 064 054 345 1.2 2.8 4.5

ig.2 A8 .73 304 §.00d 58S 847 843 1.4 2.5 §.5

i1.4 AR 75 405 - 063 V83 047 L8445 g 4.2 2.3

12.7 Rt T B3 - 84 854 .§47 . 048 t.3 4.9 8.2

{5.¢ .61 .80 004 - 883 JBa2 045 (4% i 4.4 16.7

i7.8 .78 .93 304 §.088 853 439 343 R 4.2 7.9

28X i Bs a3 - 883 gse 343 447 A 4.4 a.d

22.9 98 .88 804 -, 895 5% (834 .§42 .8 4.4 5.9

25.4 1.68 .90 Jfns - f82 054 B3e 42 A 3.3 2.4

7.9 $.48 93 RiE a.89 958 L35 439 B 3.8 5.3

33.0 1.38 28 - - Q5 42 - 027 - 1.5 -
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Table 2, - Continued.

Ux E_y Uz u'x u! u'z U 4 4 Y% 4
z y y v v v VY v -XZx10" - x10 -—-Lz—xlo
(mm) (mm) (@n.) © © bl d © ©
78.2 .5 a2 .38 - B3B3 478 - 838 -7
g B2 .44 - 404 75 - 36 5
i.8 B4 44 - B3 B73 - 432 .7
£.3 85 .47 - Rk LBs9 - 437 2
1.5 .46 .49 - ez Q487 -~ R3e g
i.8 87 .St - 85 Bhk - 848 .8
2.8 a8 .51 - R gL - Xy - .3
2.3 89 .52 FIEE] R HEY 853 Xy 7 i.4 2.5
2.5 .48 .52 Rusy B8 i 452 D40 1.3 2.4 1.4
3.8 45 .55 R 848 363 855 344 i1.3 i.& 1.3
5 28 59 N e el &t . B43 A4 2.4 X4
5.4 .25 Y 842 HEY JBE2 55 48 1.3 i.2 i.8
1.4 S .64 R g LBs2 154 428 it @ )
a.9 .35 55 L34S 384 RN .55 343 1.4 2.7 2.4
1.2 .48 .67 B18 L a2 B85 044 .9 1.4 -3
ii.4 .45 .58 RN S g2 854 L343 1.7 2.8 3.2
2.7 5 .78 Ry §. 400 064 853 B39 8 2.7 1.3
5.2 54 .75 816 - 8483 Y 349 344 .3 3.8 3.4
i7.8 TR 77 RET -. B3 REN 5 342 .2 4.4 5.4
268.3 .88 a8 044 - 884 387 . 448 R A 4.2 5.2
22.9 58 a3 R - (04 i3 B45 B4t .8 3.3 6.4
KT | 1.80 .95 JBe2 -. 843 RIEY Rty JBad i8.8 4.8 2.4
az.e $.48 .89 R - {03 44 Rk RiLY 8.4 2.5 5.4
313.8 £.30 .74 - - 8403 L85 - 838 - 2.3 -
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Table 2. - Continued.

U u u' u uu uu
: oy oy 7 7 7 F P F -l -EEad - LEad
(mm) (mm) (n.) L ) o o o . v2
.4 5 a2 Al - .Bid A7e - 437 - -5.7 -
.2 03 .45 - R g - B45 - -5.8 -
1.8 84 .48 - (343 A7 - .44 - -4.9 -
1.3 g5 .49 - LB4S RV - 344 - -4 9 -
£.5 i R - 044 fi54 - 845 - 4.4 -
1.8 A7 R - JB4s LB46 147 - 5.8 -
2.8 .88 .52 - Rk R - L343 - -4.8 -
2.3 B9 .54 i3 i 58 44 a4 i0.& ~f3. 4 -2.&
2.5 48 55 842 45 .384 847 45 i8.7 ~-3.4 -3.3
3.8 A5 R BT .8 863 L B4Q @42 ik.& -7.4 -5.4
5.4 o &2 45 .48 0568 52 044 6.9 -4.4 -5.7
&.4 .25 45 HEEE! ke ] 854 46 $6.4 -&.5 -4 &
7.8 .38 .54 gaz (344 RN .B49 343 7.7 5.5 -3.&
a.9 .38 &7 et iz 852 042 842 8.0 -&.7 -4.5
8.2 448 A9 823 .84 858 82 849 2.9 o -3.2
{1.4 45 .72 s s R 85 342 8.6 3.4 -1.8
$2.7 Rt .73 3 8483 359 853 243 8.4 2.2 -4
5.2 .68 .74 823 - 883 Rty . BR& B4z 15.8 -8 1.4
i7.8 .78 .78 a2 - 308 . 854 055 gL 1.7 A 1.9
28.3 .08 .ag RS - B82 &6 %4 4R $4.8 1.4 2.4
2.9 .98 .84 048 -. 084 R 848 043 1.5 2.7 7.3
25.4 §.48 .84 Rt - 405 B3 .49 144 144 2.4 1.8
279 1.3 .89 JB44 - 88§ 859 L858 B4 8.3 1.9 3.9
338 $.38 .85 - - B3 I - V837 - 2.8 -
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Table 2. - Continued.

v X Ey v z u'x i'y u'z uxuz 4 Yx%z 4 z 4
z y y v v v v v v T3 x10° -~ 5 x107 -—L2x10
(mm) (mm) (n.) © © © ® © ® Ve v,

b5.0 .5 .02 .44 - 19 083 - 437 - -8,
g 83 .49 - g2 A7 - . 442 - -1.9
1.8 84 52 - o4 A7 - 44 -7.2
1.3 85 .54 - ] g7 - B44 - -7.R
1.5 B4 54 - B34 78 - .46 - -3.7
i.8 87 .54 - 328 Ry - 344 - -3.3
2.8 .42 .58 - ik Bs7 - . B45 - -8.6

2.3 A9 57 @45 .228 858 344 L8458 i1.8 -2.3 -.4

.5 48 59 .§eg .gae .Bs8 439 443 16.7 -2.6 -1.8

3.8 .45 .83 48 .32 iLEY 843 B44 4.9 -8 1.4

5.4 el .67 47 B34 B854 344 44 8.5 -41.2 -4.5

5.4 .25 .68 B4 432 . Bs4 a4 343 g.2 -$4.8 -3.4

1.8 .38 7 26 838 B4 848 845 7.8 -40.2 i

a.9 .35 .73 B2 .25 REK] .44 844 7.5 -1§.4 .8

ig.2 A8 .7 029 R 62 B4Z .42 7.4 -9 4 ~4.&

11.4 .45 .75 gng 346 .68 .47 344 5.7 -3.9 ~4.9

12.7 58 7 B2& (B3 5% . B4s (844 7.5 -7.4 1.4

i5.2 & .78 823 8e4 . 855 .53 . 847 a.8 -4.8 1.8

i7.4 .7 .ag b - 0t4 57 A58 .44 7.1 ~-3.5 -4

8.3 a8 93 A24 -. 304 87 883 348 8.5 -4.4 2.5

2.9 .99 .84 ] & ane 348 849 44 10.8 -4 4.4

25.4 $.08 .85 .48 - §02 - 58 049 843 8.5 & 4.8

.9 1.48 a9 814 - bg2 .g57 854 . B44 if.4 7 §.8

3X.8 .38 L4 - -.442 853 - 437 - ) -




Table 2. - Continued.

Ux u Uz u; u' u'z X 4 4 U ui 4
z y y v VY v v Vy v XY x10" - x10 -—yz—xlo
(mm) (mm) (in.) © © o0 oo © )

58,0 .S a2 .48 - 3 .8a7 - (39 i8.4
.8 82 R3 - a5 (184 - 43 -1.7
1.4 24 58 - L8a7 ] - 345 -5.9
1.3 A8 .58 - g2a 74 - 047 -7.4
£.5 88 .59 - 438 a7 - 345 -8.9
1.8 7 &2 - 32 874 - REES -§.&
2.4 48 6 - 938 849 - 347 - -4.5

2.3 49 .62 0t B3E Ry (448 .44 140 -7.2 4.9

2.5 it &3 g4 B33 L8468 349 .48 1.3 -3.2 2.4

3.8 .45 62 444 437 JB67 447 BEH 7.4 -8.4 3.9

5.4 28 .78 345 837 LS 953 48 7.8 -3.8 3.7

5.4 .25 7 Ry 36 62 .47 B35 R 8.4 3.4

1.8 38 .77 349 334 LY .52 B39 5.3 2.3 3.7

8.9 .35 .7a 324 B3 458 .52 R 59 ~%.4 2.5

ig.2 48 .80 422 J§as 487 Bae 838 5.3 -14.8 2.4

1.4 A% .79 822 §4@ 654 050 342 4.4 2.5 .S

i2.? 58 .88 24 48 955 48 844 4.5 -2.7 2.3

i58.2 .68 .84 24 464 L B54 g4g 044 5.2 -&.% 1.4

i7.8 .78 .93 Lg23 408 L8R3 A5 844 5.8 -4.7 2.4

28.3 .a8 .84 Laos - G623 453 @58 LG43 2.4 -3.8 1.7

22.9 98 .84 424 -. 883 856 58 LE 2.4 -1.8 3.7

5.4 1.80 .aa RIS - b2 54 L Be2 .44 g.7 -.8a 5.1

279 .48 .94 42 - 883 855 354 844 2.2 -.3 4.2

3.8 1.3 L - &40 54 - Ny - .4 -

19
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Table 2. - Continued.

U U u' u' u' uu
z y y == e 4 =2 L. N B T 10 - L Zx0%
(mm) (mm) (in)) Vo Vo Voo Voo Ve Vo
559 5 2 54 - B2 . 084 - . 048 8.0
.8 A3 55 = R 482 - 444 2.2
$.8 04 ey - B33 BTy - 045 5.2
1.3 85 ai - Q33 g - 844 -4.5
1.8 & 62 - R RA g7 - L B5g ~4 9
$.8 87 &4 - 335 A7 - 347 5.9
2.8 g &7 - 36 a2 - R - ~&.4
2.3 89 &8 844 35 A Q44 844 i2.4 -45.4 5.8
2.5 .18 .68 Rk B3R 7 (045 442 14.7 -4.4 &.4
3.8 .45 . R 44 368 . §45 B39 $8.3 -5.8 &.8
5.4 et Wi .42 044 BT B30 Q43 2.5 5.8 3.5
5.4 .05 .79 44 043 853 Rty 3R 7.2 5.7 5.3
7.8 .38 a4 2 438 454 149 .40 4.5 ~7.3 4.8
8.9 .35 .82 844 B33 L850 852 842 3.9 -5.8 £.5
8.2 .48 .85 014 L 0a7 52 (148 438 3.3 ~7.5 1.5
$1.4 A5 .94 By RK] 854 Q48 838 2.4 =73 .7
2.7 ot a5 R gia 4% {48 B37 2.7 -7.3 -4
5.2 &8 .34 348 . 847 349 848 A8 2.9 -5.8 1.9
i7.8 78 a5 Rk R RILE! Q49 048 4.3 -3 ]
28.3 .98 a7 B4 - 442 .85 {149 RiLH 5.9 -4.4 5.3
229 .78 e fog - {2 63 Q44 B39 7.7 3.0 3.5
5.4 1.4 .89 844 - 882 852 a9 B39 7.8 -4.8 6.3
7.9 i.1¢ B g - 483 gs3 RLE A 7.9 ~%.4 &2
35.8 $.30 97 - -, 0483 .48 - 838 - -4.5 -




Table 2. - Continued.

U U U u' u' u' uu
2 y ¥ 7 7 7 v T m=F x10% - x10% - LZx1 04
(mm) (mm) (in.) © ) ) ™ ) ©

50.8 5 .42 54 - X . 389 - 44 -5.8
8 A3 .58 - 432 .aa3 - D46 -5.%
£.0 84 &2 - 839 4ma - 452 -5.&
1.3 g5 b4 - B39 R - . B47 -5.2
i.5 86 A - B39 475 - .44 ~-3.8

5.8 7 67 - . 344 073 - G4? -3.7 -

2.8 .48 .57 - 43 AN - 347 - -4.3 -

2.3 B9 L&Y @88 45 g7 46 fAR $13.4 -4.4 X5

2.5 48 .78 .Bid 345 §468 843 349 i2.8 -4.8 3.7

3.8 .45 75 Re? 5D b 44 Rag i¢.8 ) 4.9

5.4 28 L 47 .58 5% .44 .44 8.5 3 3.2

&.4 .25 Lg% s . §47 853 .48 . 041 &5 . 3.4

7.4 .38 .24 247 347 . B58 . 345 K 4.3 .7 .5

a9 .35 Bk I E B4 348 842 36 2.9 5 1.8

8.2 .44 a7 845 it 045 344 838 i.9 .5 1.5

£1.4 45 .68 izl poa B4 B48 CB4d ik 5.0 -.%

iR.7 58 .82 488 8 844 445 39 & 8 2

18,2 &0 a8 83 JBid . 344 46 39 1.4 B g

i7.2 .78 a9 L3S 285 344 349 844 2.8 5.9 i.5

26.3 iyt .88 R ez 47 {46 E39 4.6 ~3.7 3.4

22.9 28 .89 445 - 883 848 347 39 3.5 -3.5 3.6

5.4 i. 88 R Bes - 0% 49 .48 Cpae & -2.3 4.4

7.9 1.48 .73 83 -.483 347 .48 348 5.3 -%.8 2.8

33.8 1.3 ) - ~. 002 . B45 - 34 - ~.d -

€9
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Table 2. - Continued.

Ux v Uz u'x u' u'z X 4 4 z 4
z y y T VY T T -7 T - X Fx10" - x10" -—L2x10
(mm) (mm) (@n.) ® © © © © ©

457 .5 a2 54 - A28 g2 - 45 .7
.8 83 &8 - 38 LY - 48 .5
5.8 4 62 - 038 gag - a5 .2
£.3 45 &5 - B34 878 ~ {48 7
£.5 L& .&& - 138 R - 47 -2.8
1.9 47 .48 - 938 ] - st - -3.2
2.8 i TR - B3R T - ] - -39

2.3 .09 .78 .49 Q37 Y 045 L)) 13.7 -2.4 3.2

2.5 it .72 g .04t 87 045 .45 3.5 -&.3 4.9

3.8 A5 77 088 .844 3485 048 45 1.5 -2.4 4.2

5.4 .20 .84 ik LB44 gae {45 B4R .2 ~2 8 2.4

5.4 .25 .94 305 844 854 844 a4 8.7 -2.9 2.3

7.8 st .87 083 . 044 049 443 B34 4.4 -2.9 2.7

8.4 .35 .88 883 432 345 Q41 838 2.8 -3.3 2.4

i8.a 40 91 803 J4ae Baz 042 37 1.0 ~3.9 .6

ii1.4 45 .98 B93 827 042 843 A3 .3 -4.5 2.4

2.7 50 2 045 a7 g4 RiLH 36 .2 -4 2 -.a

5.2 .58 .q2 R 344 044 344 3R .3 -4.5 $.2

7.8 .78 R} L 8ae ez JG42 Q44 48 i.8 -5 4 .9

28.3 .88 k] 482 -. 885 Q42 .48 842 3.4 -4, 8 2.8

ac. 9 R R 983 - 408 .B4a4 047 437 4.4 ~3.2 3.2

254 i.48 .93 i) -. 848 45 047 835 4.9 -3.2 4.8

27.9 1.48 .74 Q83 - 847 .B45 L B45 438 4.8 ~3. 8 3.8

33.8 1,38 .28 - - 812 842 - 838 - -1.2 -~




Table 2. - Continued.

U U U u' u' u' u_u
z - - 2 X -7 2 _ XY 10% - b _yz . b
(na) (mym , (ix)':.) v, v, v, v, V.. T. x10 10 x10
48.8 .S g2 .55 - 824 893 - 346 ~6.2
- .8 03 68 - 025 .0a% - 452 ~4.4
5.9 84 o4 - 826 .84 - 853 -2.9
£.3 05 45 - 027 478 - 453 -1.8
£.5 88 .58 - 928 476 - .348 -4.9
1.8 .67 N - 38 A7 - . B4% ~2.&
2.8 .18 7 - 829 873 - 854 -4.5
2.3 .09 72 804 638 475 .38 044 14.4 ~{.6 5.4
2.5 48 .74 i 234 473 842 247 3.7 -1.7 4.6
3.8 45 77 ML 836 .48 REH . B44 1.6 -4.9 5.4
5.4 .28 93 R 839 62 844 044 9.4 -2.7 {2
6.4 .25 .87 -. 4063 638 .54 043 B4 7.8 ~4.8 3.4
7.8 .38 .89 -. 882 838 049 .48 837 4.9 -2.2 £.3
8.9 .35 H - 083 33 . 045 038 038 2.3 -2.5 2.8
8.2 .40 93 -. 384 29 848 i3 436 9 -8.2 4
1.4 .45 93 -. 804 B2s 438 B4t 036 2 -4.5 -8
2.7 .58 93 -. 803 24 839 244 B35 -4 -3.7 5.8
18.2 g .94 - B84 .43 39 .04g 434 4 ~4.4 8
i7.8 .7 74 -.803 i 344 RLH 434 1.3 -3.8 3.8
20.3 .88 94 -.008 ¢.080 .84 442 B33 2.¢ -4.8 £.8
22.9 98 35 -85 -. 402 g4t Qa4 438 2.8 -3.4 3.8
25.4 1.00 98 -. 887 - 805 .4z 843 833 3.2 -2.9 3.8
27.9 .48 7 -. 803 -. 885 848 843 832 3.2 -2.8 3.5
33.9 .36 99 - -. 902 633 - .aze - ~1.3 -

<9




99

Table 2. - Continued.

X Ey Uz X i'y z X 4 4 zZ a4
z y y T v T T 5 5 - —5-xl0" - 107 --L2x10
(mm.) (mm) (@n.) © b o o o ®

35.5 5 82 56 - B4R B2 - A5 ~3.2
8 B3 58 - 848 . 987 - 948 ~2.3
i.8 .84 63 - a2t .983 - . 549 ~2.&
£.3 g5 .88 - g2 478 - 85 -4.2
i.5 ik .68 - 828 Y - 054 -7
1.8 47 &9 - A3s A7 - 853 g
2.8 .08 B - 27 478 - s -8

2.3 49 . .48 829 L] 944 . 849 14.9 A 3.2

2.5 A8 R 083 .g2a 73 844 .f4g 14.% -5 4.2

3.8 45 .18 282 B33 BeR 842 43 2.7 7 5.5

5.4 .28 .84 - 083 B35 Q63 843 .43 18.2 -9 5.3

4.4 .25 87 - 884 (930 57 848 A3 2.2 8 1.4

7.4 .38 R -. o2 828 054 037 B3R 5.5 -4 4.8

8.3 35 g2 -. 404 8246 944 37 37 3.3 -2 3.5

8.2 .48 93 - 403 423 839 .g3g 836 1.4 ~2.58 1.3

1.4 45 95 -. 144 g2 437 437 934 R -3.8 -8

12.7 .58 95 -. 808 2 3R 438 a2 2 -3.5 -8

15.2 .1 38 -. 885 i 435 B33 432 A ~&.4 8

i7.8 7R 85 - 488 i 036 439 .32 3 ~3.4 8

28.3 .88 97 -.085 s B35 Q48 833 1.3 -3.4 1.3

2.9 98 97 ~. 087 g2 34 39 3 1.7 -2.7 4.3

254 $.00 .8 -. 888 4o 836 A9 g £.7 ~2.4 2.9

27.9 $.18 79 -. 004 &.op8 433 439 .gag {.5 -2.% £.7

339 $.38 .88 ~ g1 25 - AR -4 -




Table 2. - Continued.

Ux v Uz u'x u' u; 'S 4 4 4
z y ' T 7 7 O 7 -—52xl0" - 10" -—L2x10
(mm) (mm) (@n.) © ® © ® © ©

30.5 .5 82 .54 - 44 094 - 845 -3.5
.8 L83 .6t - iR . 4az - 58 -7
1.8 .04 .53 - D48 .48z - 858 -4
1.3 A5 b4 - Y] 87 - 52 g
£.5 B4 87 - 82g .47 - 049 A
1.8 A7 8% - 028 N - Jfaq A
2.8 .48 .78 - Jgag 7R - (854 A

2.3 49 .72 s 23 iyt 045 . 049 $5.2 -2 4.4

2.5 .18 .73 .88 024 73 . 847 L858 i4.7 B iy

3.4 5 .9 L . gag A7 045 B4s $3.3 8 7.4

5.4 .20 .83 -.482 928 . 855 344 44 114 -.9 3.4

6.4 .05 .04 -, 083 Ai2& 58 144 44 a8 -7 3.9

7.8 J38 R - 843 L824 854 B34 B3y §.2 -£.4 1.9

as .35 g2 - 887 iR 46 35 (438 X7 -9 3.8

10.2 48 .95 - 488 328 048 RV L33 2.4 4.3 £.7

i1.4 A5 95 - 447 Ry 38 B34 Ay 9 -5 1.8

i2.7 .58 .97 - 04% 848 833 B35 38 2 -5.7 2.4

i5.2 &l 7 -, {18 B2 434 34 28 -2 2.4 1.5

i7.8 .7 VR - Big .48 A3 JA37 CBag .3 -2.4 1.5

28.3 .8t .98 -, 469 067 Xt (838 Jane A 2.4 1.8

KR .78 .99 - 818 . 88s 838 B35 25 .5 -4.7 2.8

25.4 1.08 .99 -~ B68 315 g L334 024 4 -§.9 £.2

e i.48 1.88 - 847 085 Q28 J834 24 .2 -{.4 .9

33.8 1.38 i.04 - il 048 - s - -4 -

L9
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Table 2. - Continued.

X _y z X iy z Xy 4 4 uzuz 4
z ) v v v v x10" - x10" - 2 x10
(mm.) (mm) (n.) © © © © © ©

25.4 .5 B2 55 - R ez - 053 3.4
.8 43 .68 - 42 887 - 349 2.4
i.8 B4 b2 - L2 s - G55 -5
1.3 48 85 - 344 .gag - 349 .3
£.5 R .87 - L5 278 - 352 .4
4.4 B7 &8 - 848 A7 - 853 A
2.0 e 78 - JB87 TR - Ry - 2

2.3 49 N 85 A4 874 Ba9 853 4 & 5.3

2.5 48 .72 e Bi9 A s .854 & 1.5 8.3

3.8 .45 .78 a2 828 B 843 JR44 .7 9 3.4

5.4 et a2 §.a08 J02a. BT 044 .B46 .9 4 4.4

5.4 A .95 Lap 820 RS RILT gaR 7.7 -.8 5.9

7.4 3t o - 064 47 56 B33 B39 7.4 1.8 .8

a.9 .35 .82 - 884 (348 {49 30 438 4.7 -2 2.7

1¢.2 AR 5 - 885 45 044 32 B33 2.7 .8 4.2

i1.4 .45 .98 - 885 942 B34 B34 B34 {.4 .9 &

2.7 .58 7 - §47 RIS B34 432 3t 2 & 1.8

i2.2 &8 1.88 -. 887 B4 27 B33 038 3 4 .7

i7.2 .78 $.8 - 488 gy LB2% 32 428 -2 2 i.5

28.3 .a¢ {.08 - 807 847 828 K] 324 2 ? 2.2

2.9 .o 1.84 - §87 Boe 24 833 23 4 -.8 1.8

25.4 {.80 $.82 -. 805 089 349 B3¢0 a2 A -9 3.5

.9 .10 1.42 - 087 i R .an8 Jpad A -.& .8

338 1.38 1.82 - R L3 - .348 -.8 -




Table 2. - Concluded.

Ux u Uz dx u' u; uu 4 YU 4 4
z y y v Vy v v VY T -—12 x10" - x107 -—L2x10
(mm) (mm) (in.) © © © © o o v,
5.2 .S 4a .82 - .083 .889 - 849 - -2.3
: .8 A3 57 - i .984 - Rkt - -3
1.8 B4 .88 - 883 pag - 349 - 1.4
1.3 8 62 - 004 477 - 53 .6
1.5 85 .43 - -84z 7% - Q49 - 2.4
1.8 A7 55 - - 05 it - B50 - 2.3
2.8 .48 &7 - -. 308 874 - L858 - 2.4
2.3 B9 A7 8Os - pa7 A3 O53 049 {7.0 2.3 5.8
2.5 4 .89 .904 -. 048 (874 B354 A48 1§.7 2.4 5.8
3.8 45 74 .gez -.043 47e 852 RIELY 5.5 3.4 4.7
5.4 .ag .79 R - 824 .55 Rt 343 13.8 4.4 &9
6.4 .25 .82 - 883 - 823 Bat B4z . B42 18.7 3.6 5.4
7.8 .30 85 - 884 - 02 854 343 833 3.1 4.5 7.2
g.9 .35 8¢ - & - 049 &2 f3a 38 5.8 5.8 .7
ig.2 48 .98 - 847 - 848 .043 335 B34 2.7 5.7 .8
i1.4 A48 R} - a7 - 043 .§47 433 38 .9 5.5 5.9
12.7 .58 5 - B4 - 843 448 .428 34 ] &7 8.9
8.2 R o2 - 008 ~.008 .f5t pa7 A8 -5 .2 6.9
47.8 .78 .93 -. 087 -.86s 85 8a2 433 -4 .8 7.4
2.3 .88 .93 -, B0s -, 803 i3 L824 B3 -5 7.2 T4
22.9 90 - .93 - 847 -. 883 . 848 38 433 -4 5.4 5.9
25.4 i.08 93 - (104 - 843 .48 CR24 B34 -7 5.9 6.4
27.9 .48 .94 -, {84 -. 885 . 047 B33 B33 -1.8 &.5 5.3
33.0 .38 .94 - - B03 045 - 832 - 5.3 -
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Figure 1. - - Schematic of the flow in a juncture .
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Figure 2. - Flat Plate and body at the exit of the wind tunnel.
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(b) View looking upstream

Figure 3.- Experimental set-up.
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Figure 4. - Details of instrumented segment.
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Figure 5. Details of hot wires.
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Figure 6.- Probe actuator.
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T Axis of wire rotation

1
a .
\{ Hot wire
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/ H — Wire support needles

Hot wire projection
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Hot-wire coordinate system
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Figure 7. - Schematic of hot wire in the Cartesian coordinate system.
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Figure 8. - Coordinate Axes.
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Figure 9. - Variation of coefficients of

uguy and ugu_ with yaw angle ¥ .
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Figure 10. - Typical variation in mean voltage
output with angle of rotation.
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Figure 11. - Typical hot-wire calibration results.
Straight wire ( a= 0).
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Figure 12. - The two Cartesian co-ordinate systems.
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Figure 13. - Repeatability of results in the
juncture flow.
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(b) Turbulent shear stress uxuy .

Figure 13. - Continued.
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(c) Turbulent shear stress u yuz .

Figure 13. - Concluded.
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Figure 14. - Contour plot of mean velocity Ux'
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Figure 14. - Concluded .
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